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COMPOSITE SILICON-METAL NITRIDE BARRIER TO PREVENT FORMATION

[
;

OF METAL FLUORIDES IN COPPER DAMASCENE

'BACKGROUND OF THE INVENTION

(1) Field of the Invention p

The present,iﬁvention relates to the manufacture of
semiconductor devices in general, and in particular, to a
method of using composité silicon—metal.nitride'as a barrier
to prevent formatign of metal fluorides in copper damascene

interconnects.
(2) Description'of the Related Art

Copper 1is a preferred ﬁetal for use as an
interconnegt in semiconductor.devices. This is because, as
is well known in the art, copper has lower résistivity than

- the commonly used aluminum and has better electromigration
propéﬁties.- At the same time, the advent df copper
intefconnécts has motivated the use of insulating materials
with low dielectric constant (k) iﬁ order to further improve
the over-all device performance.. Some of the low-k

candidates are fluorinated materials, such as amorphous



fluoriqated carbbn (x=C:F), PTFE, fluorinated SiOzl and
fluorinated.polyimide. However, defluoriniation occﬁrs with
these materials, which then reacts with barrier materials
and causes delamination. Barrier materials are used
because; copper unfortunately suffers from.high diffusivity
in these,insulating materials. For instance, copper tends
to diffdse_into polyimiae during high temperature processing
of the polyimide. This causes severe éorrosion of the
copper and the polyimide due to the copper combining with
oxygen in the polyimide. The corrosion-'may result in loss
of adhes;on, | delamination, voids, and ultimately a
catastrophig failure of the component. A copper diffusion
barrier is therefore often required. This invention
discloses a n@thod for preventing the fluoriﬁe contacting
the barrier for the organic low—k aﬁd the fluorinated
inorganic materials. Tbis is'accomplished by forming a thick
“trapping” layer of amorphous silicon, followed by metal
ﬁitride, as will be described more in deéail later in the
émbodimenté of the present invention. The metal nitride
then reacts with the silicon to form the ternary metal
silicon nitride which has excellent copper diffusion barrier

property and adhesion toward cdpper.

Copper dual damascene procesé is a  well-known

techniQue. for forming interconnections in semiconductor



deviCe§. It is espeéially well suited for Ultra Large Scale
Integrated (ULSI). circuit technology where :more' and more
devices are being packed into the same or smaller areas in a
lsemiconductor substrate. As the feature sizes get smaller,
the smaller Ggeometries résﬁlt in higher_ electrical
resistances, which in tuin degrade circuit. performance. As
will be described more fully later, damascene process
‘provides a more exact dimensional control over small
geometries, ‘while copper, as the metallization material,

provides better electrical characteristics.

The term ‘damascene’ is derived from a form of inlaid
metal jewelry first seen 'in the city of Damascus. In the
context of integrated circuits_it implies.a patterned layer
imbedded on and in another layer such that thé top surfacés
of thé two layers are coplanar. Thus, in semiconductor
- manufacturing, groovés and holes in appropriate locations in
the grooves are fo:med in an insulating material by etching,
- which are-then filled with metal. Metal in grooves form the
horizontal metal line intefconnects while the metal in thé
underlying holes fofm the vertical connections to the layers
. of .metal 'interconnects_ formed in the previous damascene

structure.



Thus, in a single damascéne semiconductor
manufacturing process, incisions, or groo&es, are formed in
an insulating layer and filled with metal to form conductive
lines. Dual damascene takes the process one step furthér in
that, in addition to ‘forming the grobves of a single
damascene, hole openings are also formed at appropriate
places in the groove further into the insulating layer. The
resulting composite structure of grooves and holes are
filled with metal. The procéss'is repeated as many'times as
required to form the multi-level interconhectiops between

metal lines and the holes formed therebetween.

In one approach for a dual damascene process shown in
Fig. la, two insulating layers (120) and (130) are formed on
a substrate (100) with an intervening étch—stop layér (125).
Substrate (100) is provided with metai layer (110) and a
.barrier layer or passivation layer f115). Metal layer can
be the commonly used aluminum or copper, whiie the barrier
layer can bé an o_xide layer or nitride layer. A desired
trench or groove pattern (150) is first etched into thé
upper © insulating material (130) = using conventional
photolithographic methods and photoresist (140). The
‘etching stops on etch—stop layér (125). Next, a 'second
photoresist layer (160) is formed over the substrate, thus

filling partially the groove opening (150), and patterﬁed



with hole opening (170), as shown in Fig. 1b. The hole
pattern is then etched into the lower insulating layer (120)
as shown in Fig. 1lc and photoresist removed, thus forming

the dual damascene structure shown in Fig. 1f.

Or, the order in'which.the groove and the hole are
formea can be revérsed. Thus, - the upper insulating layer
(130) is first-etched, or patterned, with hole (170), as
shown in Fig. 1d. The hole pattern is also formed into
etch-stop layer (125). Then, the upper layer is etched to
form groove (150) thle_ at ﬁhe same timé the etching
transfers the hole pattern in the etch-stop layer into lower
insulation ;ayer (120), és.Shown-in Fig. le. It will be
noted that the etch-stop layer stops the etching of the
groove into the lower insulation . layer. After the
completion of the thusly formed dual damascene structure,
both the hole'opening.and groove opening are filled with
metal (180),'and anj excess material on the surface of the
substrate is removed by chemical mechanical polishing, as

seen in Fig. 1f.

Prior art teaches several different methods of
forming damascene structures with metal barrier layers. In
US Patent 6,017,817/ Chung, et al., disclose a method of

fabricating a dual damascene structure. A low k dielectric



layer and a cap.laye: are successively formed on a substra;e
having an active region. A first photoresist layer is formed
on the cap layer and the cap layer is then patternéd to
. expose a portion of the low k dielectric layer. The first
photoresist 'layer and a portion of the low k dielectric
layer ate simultaneously removed to form a wiring line
opening. A second photoresist layer is formed on the cap
layer to cover a portion of the wiring line opening. When
the step of removing the second photoresist 'layer ;s
performed, a via hole ié'formed to expose the active region
by simuitaneou§ly_ remoﬁing the exposed low k dielectric
layér- The via hole and the wiring:line opening are filled

with a metal layer to form a wiring line and a via.

A self-aligned vié dual damascene is shown in US
Patent 5,795,.823 by Avanzino, et al. A mask pattern of
trenches of conductive lines containing laterally enlarged
areas where the via openiﬁgs are to formed in the insulating
material are first formed. After the conductive line
openings with laterally ‘enlarged areas are created, the
openi_ngs. are filled with a éonformal material whose etcl-l
selectivity is substantially iess than the'etch selectivity
of the insulating material to the enchant for etching the
insulating material and whose et¢h selectivity is

substantially greater than the insulating material to its

enchant. The conformal material is anisotropically etched to



form sidewalls in the enlarged.area and remove the material
between the sidewalls but leave material remaining in the
parfs of the conductive lines openings. The sidewalls serve
as self aligned mask for etching via openings. The conformal
material 1s either a conductive material.which is.left in
place after the via openinge are formed or an insulating
material which is removed. In the 'forme;,__the_'partially
filled eonductive lihe openings arc filled with additional
cenductive materiallaleng with the via, which is either the
same or different conductive material. In the latter,.the

conductive line openings and vias are filled with the same

conductive material.

In another US patent 5,990,01i by McTeer, a titaniﬁm
aluminum alloy wetting layer for improved aluminum filling
of damascene trenches is proposed. The novel process forms
a first recess, such as a _contect hole, within a first
dielectric layer,upen a semiconductor substrate. At least
one -diffusion barrier layer, selected from a group
consisting of ceramics, metallics, and intermetallics, is
formed within the first recess and at least partially
conformably formed upon the first dielectric layer. A first
electrically conductive layer is then formed within the
recess over a said.diffusion barrier leye;. Preferably,_the
first electrically conductive 1layer - is substantially

composed of tungsten. The first electrically conductive



layer is planarized above the recess thereby forming a top
surface thereof. A second dielectric layer is formed over
the first dielectric 1layer and said first electrically
conductive layer} A second recess is formed in the second
'diélectric layer. The second recess extends from an upper
surface of the second dielectric layer to the top surface of
the first electrically conductive layer. The éecond recess
has a bottom formed at least partially by the top surface of
the first_ electrically conductive layer. A wetting layer
composed of a titanium-aluminum alloy, is formed within the
second recess over the second dielectric layer. A second
electrically conductive layer then.formed to substantially
fill the sécond_recess ovef the wetting layer. The wetting
layer enables the second electrically conductive layer to
substanfially £ill the second recess while being deposited
at lower  temperatures than conventional deposition
processes. A portion of the wetting 1layer and the
electrically conductive layer situated above the upper
surface of .the second dielectric layer is selectively

removed by planarizing to form a planér top surface. ' -

A haid masking method for forming a different oxygen
containing plasma,étchable layer is taught by Jang, et al.,
in US Patent 6,907,733. There is first provided a substrate
employed within a microelectfonics fabrication. There is

then formed over the substrate an oxygen containing plasma



etchable layer, where the éxygen containing plasma etchable
layer is formed of a material which ié also susceptible to
etching within a fluorine containing plasma. There is then
formed upon the oxygen containing. plasma etchable layer a
hard mask layer. There is then formed upon the hard mask
layer a patterned photoresist layer..There is then etched
through use of a first anisotropic plasma etch method the
hard mask layer to form a patterned hard mask layef while
~ simultaneously ieaching the oxygen containing plasma etch-
able layer and while employing thé patterned photoresist
.layer as a first etch mask .layer. The first anisotropic
plasma etch method empioys ‘an etchant gas composition
appropriate for etching the hard mask ﬁaﬁerial. There is
then stripped <from the patferned hard mask. layer the
patterned photoresist layer, where the patterned photoresist
layer is stripped employing a stripping method which does
not attack the oxygen containing plasma etchable layer.
Finally, there is then etched through use of a second plasma
etch method the oxygen containing plasma etchable layer to
form a patterned oxygen containing plasma etchable layer
while employing the patterned hard mask layer as a second
etch mask layér, wﬁere the second plasma etch method is the
fluorine containing plasma etch method7 The method 1is

claimed to be particularly useful for forming patterned low



dielectric constant dielectric layers within

microelectronics fabrications.

In still another US Patent 5,924,008, Michael, et
al., show an integrated circuit having local interconnect
.for-.reducing signai cross coupled noise. Here, an
integrated- circuit. isl p:ovided héving an imbroved inter-
connect structure. The interconhect structure includes a
power¥coupled local interconnect which is al&ays retained at
VDD or VSs (i.e., ground) level. The local interconnect
resides a dielectric-spaced disténce below critical runs of
overlying interconnect. The powered 1local interconnect
serves to sink noise transients from the critical conductors
to ensure that circuité connected to the conductors do not
inoperably function. Accordingly, the local interconnect
extends along a substantial portion of the'conductor length,
and is either wider or narrower than the conductor under
which it extends. The local interconnect can either be
polysilicon, doped polysilicon, polycide, refractory metal

silicide, or multi-level refractory metal.

The present invention discloses a novel method of
- forming ternary metal silicon nitride spacers in a copper
damascene structure -single, dual or more- in order to

prevent the formation of metal fluorides in copper.
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SUMMARY OF THE INVENTION

It 1is therefore an object of this invention to
provide a method of forming a composite silicon-metal
nitride barrier to prevent formation of metal fluorides in

copper damascene.

It is anothe;r: object of the present- invention ﬁo
provide a method of formihg amorphous silicon spacers
followed by the forming of metal nitride over the spacers in
a copper damascene structure in order fé prevent the

formation of metal fluorides in copper.

It is yet.another object of the present invention to
provide a method of preventing the delamination of layers in
' a damascene interconnect by forming a ternary metal silicon
nitride layer 1lining the inside walls of the damascene

structure.

It is still another object of the present invention
to provide a copper damascene structure having inside walls
lined with a ternary metal silicon nitride layer in order to

“prevent the formation of metal fluorides in copper.
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These 'pbjects are accomplished by providing a
subStra'te_. having a -passivatiori layer formed over a first
métal layer formed on said substrate;_fOrming'a damascene
structure with substantially vertical inside walls and a
substantially flat bottom wall over said passivation layer
therein said substrate; forming a layer of amorphous silicon
over said inside walls and said bottom wall of said
damascene structure; etching said amorphous'silicon.layer to
form silicon spaceré on said_inside walls,.whilg at the same
time removing s&iq amorphous silicon iayer from said bottom
wall of said damascene' structure; forming metal nitride
layer over'said silicon spacers and over said bottom of said
damascene structure; etching said bottom of said damascene
_structure to expose said firét metal_.layer;_ depositing
second metal over said first metal léyer exposed in said
damascene structure; and removing excess metal to complete

the forming of the damascene of the present invention.

These objeét are further accomplished by providing a
damascene structure with substantially vertical inside walls
and a substantially flat bottom wall formed over said first
Imétal layer therein said  substrate; amorphous silicon
spacers on said inside walls; a metal nitride layer over
said siliéon spacers éhd over said bottom of said damascene

structure; and a second metal formed within said damascene

12



structure making intimate contact with said first metal

layer exposed in said damascene structure.

BRIEF DESCRIPTION OF THE DRAWINGS

Figs. 1la-lc show the forming of a dual damascene
structure where a line trench or groove 1is etched'first into
an upper second dielectric layer until an etch-stop layer is
. reached, and then the hole paﬁtern etched into the lower

first dielectric'layer, according to prior art.

Figs. 1ld-le show the forming of a dual damascene.
structure where a hole pattern is etched first into an upper
second dielectric layer until an etch-stop layer is reached,
and then the line pattern eﬁched into the top layer while at -
the same timg the hole pattern is transferred into the lower

first dielectric layer, according to prior art.
Fig. 1f shows a dual damascene structure formed b§

eithe: one of the methods shown in Figs. la-lc or Figs. 1d-

le, according to prior art.

Fig. 2a 1is a partial cross-sectional view of a

substrate having a metal layer and a passivation layer and

13



showing the forming of a first and a second dielectric layer
separated from each other by an intervening etch-stop layer,

according to the present invention.

Fig. 2b is a partial cross-sectional view of a
substrate showing the forming of a dual damascene structure
within the first and second dielectric layers of Fig. 2a,

according to the present invention.

Fig. 2c 1is a partial cross-sectional view of . a
substrate showing the forming of an amorphous silicon layer
over the inside walls of the dual damascene structure of

Fig.'2b, according to the present invention.

Fig. 24 1is a paitial cross-sectional view of a
substrate showing the forming of silicon spacers, according

to the present invention.

Fig. 2e 1s a partial cross-sectional view of a.
substrate showing the forming'df a metal nitride layer over
the silicon spacers of Fig. 2d, according to the present

invention.

Fig. 2f 1is a partial cross-sectional view: of a

‘substrate showing the forming of an opening from the dual

14



damascene structure of Fig. 2e into the underlying metal
layer and then the deposition of copper into the damascene
structure of the present invention, according to the first

embodiment of the invention.

Fig. 3a 1is a partial cross-sectional view of a
substrate having a métél;layer and a.passivation layer and
showing the forming of a first and a second dielectric layer
separated from each other by an intervening etch-stop léyer,

according to the present invention.

Fig. 3b 1is a partial- cross-sectional view of a
substrate showing the forming of a dual damascene structure
within the first and sécond.dielectric layers of Fig. 3a,

according to the present invention.

Fig. 3c is a partial cross-sectional view of a
substrate showing the forming of an amorphous silicon layer
over the inside walls of the dual damascene structure of

Fig. 3b, according to the present invention. i

Fig. 3d is a partial cross-sectional view of a
substrate showing the forming of silicon spacers, according

to the present invention.
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Fig. 3e is a partial cross-sectional view of a
substrate showing the'forming of an opening from the duél
-damascene structure of Eig..3d into the underlying metal

layer, according to the present invention.

Fig. 3f 1is a partial cross-sectional view of a
substrate showing the-forming of a metal nitride layer over
the silicon spacers and the exposed first metal layer of
Fig. 3e, and then the deposition of copper into the
damascene structure of the-present invention, accordiﬁg to

the second embodiment of the invention.

Fig. 4a 1is 'a partial cross-sectional view of a
substrate having é metal layer and a passivation layer and
showing the ﬁorming of a first and a second dielectric layer
separated from each othér by'an intervening etch~stop layer,

according to the present invention.

Fig. 4b is a partial cross-sectiodal view of a
substrate showing the forming of a dual damascene structure
within the first and second dielectric layers of Fig. 4a,

~according to the present invention.

T . . . .
Fig. 4c 1s a partial cross-sectional view of a

substrate showing the forming of an amorphous silicon layer

16



over the inside walls of the dual damascene structure of

Fig. 4b, according to the present invention.

'Fig. 4d 1is a partial cross-sectional view of a
substrate showing the forming of a metal nitride_layer over

the amorphous silicon layer of Fig. 4c¢, according to the

present invention.

Fig. 4e is a partial cross-sectional view .of a
substrate showing the forming of the ternary metal silicon
nitride silicon spacers of the present inventién, while
forming an opening from the dual damascene structure of Fig.
4d into the underlying metal layer,_according to the third

embodiment of the invention.

Fig. 4f 1is a partial cross-sectional view of a
substrate showing the deposition of copper into the
damascene structure of the present invention, according to

the third embodiment of the invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring now the drawings, Figs. 2a—2f,_3a—3f and 4a- =
4f, there is shown a method of forming amorphous silicon

spacers followed by the forming of metal nitride over the

17



spacers in a copper dual damascene structure in order to
pfevent the formation of fluorides in copper. In a_'firs_t
embodiment, shown in Figs. 2a-2f, the inner walls of a
stru_cture_,' thch,I for illustrative .purpéses is a dual
damascene, but can aiso' be a single damascene structure, is
lined with a passivation/barrier liner followed by the
forming of a nitride layér, which in tufn is etched to form
the silicon-metal nitride  spacer, and where the
interconnection be.i.:ween :the copper -damascene and an
underlying copper metal layer is made by forming an opening
from the damascene structure to the underlying copper layer
after the formation of the metal nitride layer over the
amorphous silicon spacers formed on the inside walls of the
damascene structure. The inside walls of the structure have
sidewalls which are substantially vertical and a bottom,
which is substantial_ly flat. In the second embodiment,
shown in Figs. 3a-3f, the interconnection between the dual
| damascene.structure and the underlying copper line is made
from the dual damascene structure by etching into the
underlying copper layer after thé forming of the amorphous
'silicon spaéérs and befére_ the forming of the metal nitride
layer. 1In the third embodiment, shown in Figs. 4a-4f, the
ternary métal silicon nitride spacer is formed by etching
after having first fomed the amorphous siliéon layer and

‘the nitride layer, in that order, and then etching the

18



passiv;tion/barrier layer at the bottom of the damascene
structure into the underlying copper layer.'In all three
embodiments, metal nitfide reacts with amorphous silicon to
form a ternary metal éiliconlnitride having an excellent
property of adhering to copper while at the'saﬁe time for

forming an excellent barrier to diffusion of copper.

- Specifically, = Fig. 2a shows | a | portioﬁ of a
semiconductor substrate t200), preferably silicon, provided
with a metal layer (210) aﬁd a passivlatio_n'layer (215).
"Although not speci&ically illustrated in °~.Fig. 2a,

semiconductor devices such as gate electrodes and source and

-

drain regions, and structures such as metal interconnects,
contéct plugs and wvias and microeleagfonic_layers composed
of insulators, dielectrics and conducgérs, mayfbe formed on
or in-the semiconductor substrate. Mqtal'canJincludeIOn% or
more from a group containing ‘éoppef, aluminum, aluminum
alloy, tungsten, titanium, ‘nitride, tantalum aga :tantalum
nitride, buﬁ-is preferably copper with a thickness Dbetween
about 1,000 to 20,000 A, and the passivation layer includes
one or more from a group éonfaining silicpn nitride, silicon
6xynitride, silicon carbide} boron nitride with a thickness

between about 500 to 5,000 A. First dielectric layer (220)

is formed over the passivation layer, comprising a material

of low dielectric constant. (low-k) and is wusually
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fluoriqated, including but not restricted to amorphous
fluorocarbon (a-C:F), poly-tetra-fluoro-ethylene (PTFE),
Teflon, Parylene-F, fluorinated polyimide, fluorinated SiO,
(FSG); First diélectric. layer (220) is formed to a
thickness between about 1,000 to 10,000 A by vapor
deposition or spin coating followed by an optional f_urnacé

or rapid thermal annealing (RTA) treatment.

Next, an optional first etch-stop layer. (225) shown in
Fig. 2b is formed over the first dielectric layef. The
etch-stop layer is formed by vapor deposition to a thickness
between about 50 to 5,000 A. This is followed by the
forming of second dielectric layer (230), which is also a
low—k' material and is usually fluorinated. It includes
amorbhous fluorocarbon, poly-tetra-fluorocethlylene (PTEE),
Teflon, Parylene-F, fluorinated polyimide, fluorinated SiO;
deposited by vapor.deposition or spin coating'followed by an
optional - furnace or RTA treatment to a thickness between_
about 1,000 to 10,000 A. Lasfly, an optional cap layer
(235) is formed by vapor deposition to a thickness between.
about 50 and 5,000 A. The cap layer ihcludes one or more of
a Qroup containing silicon nitride, silicon oxynitride,

silicon carbide and boron nitride.
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- Using conventional techniques, a first photoresist
layer and an optional organic bottom anti-reflective coating
(BARC) (not shown) is next formed over the second dielectric
layer and then patterned with the image of a conventional
via or a contact hole. Using the photoresiSt laver asla
mask, hole pattern (240)_is then etched into the optional
orgénic BARC, second and first'dielectric layers, in that
order, including the intervening optiocnal etch-stop layer
(225) as shown in Fig. 2b. The etching of t.he'optional
organic layer,_dielect;ic layers and tne optional stop-etch
layer is accomﬁlished using'.plasma-assisted dry etching,
- wherein the etching chemistry includes one or more of the
folloning: fluorocarbon, suéh as CF;, C4Fs, hydrocarbons,
.fluorine-substituted hydrocarbons ke.g., -CHE3),
fluorosulfur, chlorine; hydrogen bromide, oxygen, nitrogen,
argon and carbon monoxide. It will be understood by those
skilled in the art that different combinations of etching
'chemistry can be tailored appropriately to the etching of

different léyers of films.

Next, the first photoresist layer and BARC are removed,
preferably'by oxygen plasma ashing, and a second photoresist
layer and a second optional organic BARC (not shown) is

formed over the substrate, including the opening formed in
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the prgfious step, and patterned with the image of a line
trench to férm groove (243) as shown in the.same Fig. Z2c.
Thé line pattern is next transferred from the second
phbtoresiét layer into the optional second organic BARC and
then into the second dieleqtric layer by plasma-assisted dry
etching, wherein the etching chemistry includes one of more
of the following:' fluorocarbons, hydrocarbons, £fluorine,
fluorine-assisted hydrocarbons, - chlorine, hydrogen,
nitrogen, oxygen, argon and carbon monoxide, and first
stopping on the optional etch-stop layer (225). In the
absence of the optional etch-stop layer, “time-etching” may
be employed for a predetermined period of time. = After
removal of the  seéond ﬁhotoresist layer and the second
optional organic BARC, the same liﬁe pattern is then
transferred from the second dielectric layer into the etch-
stop layér (225) . This is accomplished using plasma—-assisted
dry etching, wherein the etching chemistry inéludes Oor more
of the followingz fluorocarbons, hydrocarbons, flﬁorine-
assisted hydrocarbons, fluorosulfur, nitrogen argon and
carbon monoxide. A damascene structure (245), having a
composite hole (240) and line (243) pattern is thus formed
as shown in Fig. 2b with substantially vertical inside walls

and a flat bottom wall.
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Next, as a main feature and key aspect of the present
invention, a layer of amorphous'silicon (250) is formed over
the inside walls of the dual damascene structure, including
the bottom wall, as shown in Fig..2c; Amorphous silicon is
formed ‘by wvapor deposition at a temperature between aboﬁt
400 to 580 °c, and to a thickness between about 50 to 5,000
A. DAmorphous silicon, being. in intimate contact with thé
fluorinated dielectric layers (220) and (230), acts as a
trap for fiuorine ions and reacts to form SiF,. The trapped
fluorine, then[ cannot cross into the copper that is to. be
later deposited in the dual damascene and form metal
fluorides in the copper. '~ Hence, detrimentél effects of
-metal fluorides, such as delamination at the interfaces of
layers is preventéd. It should Dbe noted that
polycrystalline silicon, formed between about 580 to 650 ‘c,
can also be used provided that the films are stable above
500°C_and that there is no aluminum present prior to its

deposition.

'Layer (250) is next etched to form silicon spacers as
shown in Fig. 2d. The etching is performed using plasma-
 assisted etching, wherein the etching chemistry includes one
or more of the. following: fluorocarbons, hydrocarbops,

chlorocarbon, fluorine-substituted hydrocarbons, fluorine,
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-chloripe, nitrogen; oxygen, bOrén trichloride (BC13), carbon
" monoxide and hydrogen bromide. It will also be noted that
the etching removes the amorphous silicon from the bottom
wall of the dual damascene structure as weli. For selective
etching of the amorphous silicon over the typical silicon
nitride (passivation layet), chlorine as a main etchant is

preferfed.

As another key aspect of the'presént invention, a layer
of metal nitridé (260) is formed over the silicon spaCerS
(250) on the veftical sidewalls of the damascene structure
as well.as on the bottom wall, as shown in Fig. 2e. lMetal
nitride includes but not restricted to titanium (TiN),
tungsten (WN), tantalum (TaN). TaN is preferred; and formed
by vapor deposition or physical vapor deposition (PVD), to a
thickness between about 50 to 5,000 A. Metal nitride (260)
then reacts with amorphous silicon (250) during the
deposition ;f metal nitride and/or further heat treatment
step, between 200°C and 800°C performed between 400 and 760
Torr and in the presence of nitrogen to form the important
ternary metal silicon nitride which acts as a barrier to the
diffusion of copper to be deposited .into the damascene
structure shown in. Fig. 2f. Prior to the deposition of

copper, metal nitride and the passivation layer (215) at the
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bottom_.of the .dual damascene are etched using etching
'chemistry including one or more l'of the following:
fluorocarbons, hYdroCarbons, fluorine-substituted
hydrocarbons, fluorine, chlorine, boxron trichloride
(BCl13), hydrogen, nitrogen, 'érgon, carbon: monoxide until
first metal layer (210).is reached. It will be appreciated
that the same etching will also remove some parts of the
metal silicon nitride frbm, other flat- portions of- thé
damascene structure- such as from the ledge between the line
and hole openings- thus forﬁing spacer like formations over
the'amorphous silicon spacers as shown in Fig. 2f£. Copper
is next deposited through vaﬁor deposition and
electroplating to.a thickness between about 5,000 angstroms

() to 20 micrometers (um), and any excess is removed by

conventional techniques, such as chemical-mechanical
polishing (CMP) . Aluminum can also be used in place of
copper. |

In a éecond embodiment shown in Figs. 3a-3f, damascene
structure (345) is formed on substrate (300) having first
copper metal layer (310). Passivation layer (315) is formed
over the first metal layer and thé hole ahd line patterns of
the damascene structure are_formed within the optional cap

layer (335), the first and second_dieleCtric layers, (320)
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and (330), respectively, separated by_intervening 6ptional
etch-stop layer (3235). As in the first embodiment, layers
(320) and (330) are of low dielectric constant and have same
thicknesses as before. Etch-stop layer (325), .and
passivation layérs'(315) and cap layer (335) are also the
same as in the first embodiment. However,’after the forming
of amorphous.siiicon layer (350) shown in Fig. 3c and the
- forming of silicon spacers (350) showh'in Fig. 3d as in the
firét_ embodiment, passivation layer (315) is etched to
expose the first metal léyer (310f as shown in Fig. 3e,
before the forming of the metal nitride layer, unlike in the
first embodiment. The etching is accomplished using plasma-
assisted etching, wherein the etching Chémistry includes one
or more of the following: fluorocarbons, hydrocarbons,
fluorine-substituted hydrocarbons, flﬁorine,'nitrogen, axrgon

and carbon monoxide.

Then, metal nitride barrier layer (360) 1is forméd
. over silicon spacers (350) as shown in Fig. 3f. Metal
nitride reacts with amorphoué silicon to form the ternary
metal silicon nitride.as in the first émbodiment, which.has
excellent .copper diffusion barrier property and adhesion
toward copper. Finally, copper is depésited using .vap0r

deposition and electroplating into the composite structure
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and excess metal removed to complete the forming of the dual

damascene interconnect of the present invention.

In the third embodiment shown inl Figs. 4a-4£f, the
ternary metal silicon.nitride spacer is formed by etéhing
after having first formed the amorphous silicon'laye; and
the nitride layer, in that order,- and then etching the
passivation/barrier layeﬁ at the bottom of the damascene
structure into the undgrlYing copper layer. Thus, damascene
structure (445) is formed oh substrate (400) having first
copper metai layer (410). Passivation layer (415) is formed
over thé first metal layer and the hole and line patterns of
the damascene structure are formed within the optional cap
layer (435), the first and'second dielectric layers, (420)
and (430), respectively, separated by intervening optional
e;cch-stop layer (425).  As in the previous embodiments,
layers (420) and (430) are of low dielectric constant and
have same thiéknesses as before. Etch-stop layer (425),
passivation layer (415) and cap layer (435) are also theé
same as in the first embodimérit. However, after the forming
of amorphous. silicon "layer (450) shown. in Fig. 4c, and
.unl'ike in _the previous emquimentsl, the ternary metal spacer
. is no£ formed until after the next layer, namely metal

nitride layer (460) is first formed as shown in Fig.' 4d.
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Then layers (460) and (450) are etched as shown in Fig. d4e
.to form the teinary metal silicon nitride spacers through
the reaction of nitride with amorphous silicon. The etching
is accomplished using plasma-assisted etching, wherein the
etching chemistry includes one or more of the following:
fluorocarbons, - hydiocarbons, fluorine-substituted
hydroCarbons, fluorine, boron trichloride , hydrogen,
nitrogen,.argon and carbon monoxide. The formation of the
ternary metal silicon nitride, upon reaction of ﬁhe metal
nitride ahd. amorphous silicon as described in the .first
embodiment, can be achieved in two ways.' First approach
follows after the deposition of both metal nitride and
amorphous silicon (Fig. 4d) and the second approach is_taken
after the etching of the metal birdie-amorphous silicon

spacers (Fig. 4e).

'Finally, copper is deposited using vapor deposition
and electroplating into the composite structure and excess
metal removed to complete the forming of the dual damasceneé

- interconnect of the present invention.

Though these numerous details of the disclosed

embodiments are set forth here, such as process parameters,
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to prqvide an understanding of. the present invention, it
will be obvious, héweVer, to those skilled in the art that
these specific details need not be employed to practice the
présent invention. At the same time, it will be evident
that the same methods may be employed in other similar
process steps that are too many to cite, such as, for
example, applying the same approach to the.forming of not
only dual or multi-damascene structures, but to single
damascene structures as well. Furthermore, 'the dual
damascene structure which is constructed here with the “via-

first” approach can also be constructed using the “trench-
first” approach, or other known approaches as it will be

understood by those skilled in the art.

ﬁhile the invention has been particularly shown and
described‘ with réference to the preferred émbodiments
thereof, it will be understood by those skilled in the art
that varibus changeé_in form and details may be made without

departing from the spirit and scope of the invention.

What is claimed is:
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1. A method of forming a composite silicon-metal nitride

barrier to prevent formation of metal fluorides in a copper

damascene structure comprising the steps of:

providing a substrate having a passivation layer formed over

a first metal layer formed on said substrate;

forming a damascene structure with substantially vertical
inside walls and a substantially flat bottom wall over said

passivation layer therein said substrate;

forming a layer of amorphous silicon over said inside walls

and said_bottom wall of said damascene structure;

etching said amorphous silicon layer to form silicon spacers
on said inside walls, while at the same time removing said
amorphous silicon 1layer from said bottom wall of said

damascene structure;

forming metal nitride layer over said silicon spacers and

over said bottom of said damascene structure:

etching said bottom of said damascene structure to expose

said first metal layer;

/
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depositing second metal over said first metal layer exposed

in said damascene structure; and

rembving ‘excess metal to complete the forming of the

damascene of the present invention.

2. The method of claim 1, wherein said substrate is silicon.

3. The method of claim 1, wherein said'first metal layer

includes one or more from a group cbntaining copper;_
aluminum, aluminum alloy, tungsten, titanium, titanium

nitride, tantalum, tantalum nitride.

4. The method of claim 1, wherein said passivation layer
includes one or more from a group containing silicon
nitride, silicon oxynitride, silicon carbide and boron

nitride.
5. The method of claim 1, wherein said damascene structure
comprises a composite line and hole pattern with said inside

walls and said bottom wall.

6. The method of claim 1, wherein said'ambrphous silicon

layer is formed by vapor deposition.
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7. The method of claim 1, wherein said amorphous silicon

layer has a thickness between about 50 to 5,000 A.

8. The method of claim 1, wherein said etching said
amorphous silicon layer to form said silicon spacers i§
accomplished using.plasma—aSsisted_dry etching wherein the
etching . chemistry includes one or more from a group
containing fluorocarbons, hydrocarbons, fluorinefsﬁbstituted
hydrocarbons, fluorine, chlorine, borpn trichloride[

hydrogen, nitrogen, argon, carbon monoxide.

9. The method of claim 1, wherein said forming said metal

nitride layer is accomplished by vapor deposition.

10. The method of claim 1, wherein said metal nitride layer

has a thickness between about 50 to 5,000 A.

11. The method of claim i, wheréin said etching said bottom
wall of said damascene structure is accomplished using
plasma-assisted dry etching Qherein the etching chémistr§
includes one or more from a group containing fluorccarbons,
hydrocarbons, fluorine-substituted..hydrocarbons, fluorine,
chlorine, boron trichloride, hydrogen, nitrogen, argen,

carbon monoxide.
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12. The method of claim 1, wherein said second metal layer

- comprises copper.

13. A method of forming a composite silicon-metal nitride
barrier to prevent formation of metal fluorides in a copper

damascene structure comprising the steps of:

providing a substréte having a'passivation'layer formed over
a first metal layer formed on said substrate;

forming a damascene structure with substantially vertical.
inside walls and a substantially flat bottom wall over said

passivation layer therein said substrate;

forming a layer of amorphous silicon over said inside walls

and bottom wall of said damascene structure;

etching said amorphous silicon layer to form silicon spacers
on said inside walls, while at the same time removing said
amorphous silicon 1layer from said bottom wall of said

damascene structure;

etching said bottom of said damascene structure to expose

said first metal layer:;
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forming metal nitride layer over said silicon spacers and

over said bottom of said damascene structure:

depositing second metal over said first metal layer exposed

in said damascene structure; and

removing excess metal to compléte the forming of the

damascene of the present invention.

14. The method of claim 13, wherein said substrate is

silicon.

15. The method of claim 13, wherein said first metal layer
includes one or more from a group containing copper,
aluminum, aluminum alloy, tungsten, titanium, titanium

nitride, tantalum and tantalum nitride.'

16. The method of claim 13, wherein said passivation layer
includes one or more from a group containing silicon
nitride, silicon oxynitride, silicon carbide and boron

nitride.

17. The method of claim 13, wherein said damascene structure
comprises a composite line pattern and hole pattern with

said inside walls and said bottom wall.
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18. The method of claim 13, wherein said amorphous silicon

layer is formed by vapor deposition.

19. The method of claim 13, wherein said amorphous silicon

layer has a thickness between about 50 to 5,000 A.

20. The method .of claim 13, wherein said etching said
amorphous silicon layer to form said silicon. spacers is
accomplished with a recipg using plasma-assisted dry etching
whe;ein the etching chemistry includes one or more from a
group . cbntaining fluorocarbons, hydrocarbons, fluorine-
substituted. hydrocarbons, fluorine, chlorine, = boron

trichloride, hydrogen, nitrogen, argon, carbon monoxide.

21. The method of claim 13, wherein said etching said bottom
wall of said damascene structure to expose éaid first metal
layer is accompiished using plasma-assisted dry etching
wherein the étching chemistry includes one or more from a
‘ group containing fluorocarbons, hydrocarbons, fluorine;
substituted hydrocarbqns, fluorine, nitrogen, argon, carbon

monoxide.

22. The method of claim'13, wherein said fdrming said metal

nitride layer is accomplished by wvapor deposition.
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23. The method of claim 13, wherein said metal nitride layer

has a thickness between about 50 to 5,000 A.

- 24. The method of claim 13, wherein said second metal layer

comprises copper.

25.A method of forming a composite silicon-metal nitride
barrier to prevent formation of metal fluorides in a copper

damascene structure comprising the steps of:

providing a substrate having a passivation layer formed over

a first metal layer formed on said substrate;

forming a damascene structure with -subStantially vertical

inside walls and .a substantially flat bottom wall over said

passivation layer therein said substrate;

forming a layer of amorphous silicon over said inside walls

and bottom wall of said damascene structure:;

forming metal nitride layer over said ambrphous layer:;

etching said nitride layer and amorphous silicon layer to

form ternary metal silicon nitride spacers on said inside
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walls, while at the same time removing said nitride layer
and amorphous silicon layer from said bottom wall of said

damascene structure; -

etching said bottom of said damascene structure to expose

said first metal layer;

depositing second metal over said first metal layer exposed

in said damascene structure; and

removing excess metal to complete the forming of the

damascene of the present invention.

26. The method of claim 25, wherein said substrate is

silicon.

27. The method of claim 25, wherein said first metal layer
includes one or more from a group containing copper,
aluminum, aluminum alloy, tungsten, titanium, titanium

nitride, tantalum and tantalum nitride.

28. The method of claim 25, wherein said passivation layer

-includes one or more from a group containing silicon

nitride, silicon oxynitride, silicon carbide and boron
nitride.
37
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29. The method of claim 25, wherein said damascene structure
comprises a composite line pattern and hole pattern with

said inside walls and said bottom wall.

30. The method of dlaim 25, wherein said amorphous silicon

layer is formed by vapor deposition.

31. The method of claim 25, wherein said amorphous silicon

layer has a thickness between about 50 to 5,000 A.

32.The method of claim 25, wherein said forming said metal

nitride layer is accomplished by vapor deposition.

33.The method of claim 25, wherein said metal nitride layer

has a thickness between about 50 to 5,000 A.

34. The methéd of claim 25,. wherein said etching said
nitride layer and said amorphous silicon layer to fo;m said.
ternéry métal silicon nitride spacers is accomplished with a
recipe using plasma-assisted dry etching wherein the etching
chemistry includes one or more from a group containing
fluorocarbons,. .hydrocarbons, ' fluorine-substituted
hydroéarbons, fluorine, chlorine, boron trichloride,

hydrogen, nitrogen, argon, carbon monoxide.
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35. The method of claim 25, wherein said etching said bottom

wall of said damascene structure to expose said first metal

- layer is accomplished using plasma-assisted dry etching

wherein the etching chemistry includes one or more from a

group containing fluorocarbons, hydrocarbons, fluorine-

- substituted hydrocarbons, fluorine, nitrogen, argon, carbon

monoxide. -

36.The method of claim 25, wherein said second metal layer

comprises copper.

37. A copper damascene structure having a barrier to prevent

formation of metal fluorides in copper comprising:

providing a semiconductor substrate having a first metal

layer formed thereon:

a damascene structure with substantially vertical inside

walls and a substantially flat bottom wall formed over said

first metal layer therein said substrate:
amorphous silicon spacers on said inside walls;

a metal nitride layer over said silicon spacers and over

said bottom of said damascene structure:; and
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a second metal formed within said damascene structure making
intimate contact with said first metal layer exposed in

said damascene structure.

38. The copper damascene of claim 37, wherein said substrate

is silicon.

39. The copper damascene of claim 37, wherein said first
metal layer includes one or more from a group containing
copper, aluminum, aluminum alloy, tungsten, titanium,

titanium nitride, tantalum and tantalum nitride.

40. The copper damascene of claim 37, wherein said damascene
structure comprises a composite line and hole pattern with-

said inside walis and said bottom wall.

41. The copper damascene of claim 37, wherein said amorphous

silicon spacers have a thickness between about 50 to 5,000

A,

42. The copper damascene of claim 37, wherein said metal

nitride layei has a thickness between about 50 to 5,000 A.

43. The copper damascene of claim 37, wherein said second

metal layer is copper.
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