USE OF BORON CARBIDE AS AN ETCH-STOP AND BARRIER LAYER
FOR COPPER DUAL DAMASCENE METALLIZATION BACKGROUND OF
THE INVENTION (1) Field of the Invention The present invention relates to
the manufacture of ultra large scale integrated (ULSI) circuit chips in
general, and in particular, to the use of and a method of using PECVD boron
Garbide agGrpetchrsted andAarder [BayeH farTcoppel duaRGRNESCEREYER FOR
metallization. (2) Description of the Related Art Copper dual damascene
process is a weligwh Reéinigde fordephingtintekddiieElioNs in
semiconductor devices. It is especially 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 semiconductor substrate. As the
feature sizes get smaller, the smaller geometries result in higher electrical

resistances, which in%%ﬁ%&%&% (QIFCUEPb%r%]}]%%HE&.ONS will be described

more fully later, damascene process 1 provides a more exact dimensional
control over small geometries, while copper, as the metallization material,

(1) Field of the Invention

The present invention relates to the manufacture of
ultra large scale integrated (ULSI) circuit chips in
general, and in particular, to the use of and a method of
using PECVD boron carbide as an etch-stop and barrier layer

for copper dual damascene metallization.
(2) Description of the Related Art

Copper dual damascene process is a well-known
technique for forming interconnections in semiconductor
devices. It is especially 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
semiconductor substrate. As the feature sizes get smaller,
the smaller geometries result in higher electrical
resistances, which in turn degrade circuit performance. As

will Dbe described more fully later, damascene process



provides better electrical characteristics. It is disclosed in the present
invention the use of, and a method of using, PECVD boron carbide as an
etch-stop and barrier layer in a copper dual damascene structure in order to
improve the performance of integrated circuit (IC) device. The term
prdamaseenesis desived fropan adormy ofistaid ometal jewelry first segrein thema11
city of Damascus. In the context of integrated circuits it implies a patterned
gdayertimeddedron bad incansther layer such that theltopzsurfaces o6 tirertivol ,
layers are coplanar. Thus, in semiconductor manufacturing, grooves and
PreEsinsapphspriate locatiohsSA tthedgrboved areforaed st af snsulatingt  1s
material by etching, which are then filled with metal. Metal in grooves form

A415& HotRzontdl nietal lineSAfetonmebt \hitd tHe etk fn ther uAdErying'ethod

oles form t vg; ical connections to.the layers of tal interconnect .
o$ ushnﬂ,lg% B %x>on car%&?e aglﬁn egg%—StO@ ang %arrler
ormed iA'the préevious damascene structure. Thus, in a singte damascene

1 Sggiconductor manuiactuging progess, JGISIons, oL gEQQVEs. ajg fogl?é‘liln to

an insulating layer and filled with metal to form conductive lines. Dua

iflamagcepgdakes-theproaess ore steRtheEM @ircuit (IC) device.

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 the top surfaces
of the two layers are coplanar. Thus, in semiconductor
manufacturing, grooves and holes in appropriate locations in
the grooves are formed in an insulating material by etching,
which are then filled with metal. Metal in grooves form the
horizontal metal line interconnects while the metal in the
underlying holes form the vertical connections to the layers
of metal interconnects formed 1in the previous damascene

structure.

Thus, in a single damascene semiconductor
manufacturing process, incisions, or grooves, are formed in
an insulating layer and filled with metal to form conductive

lines. Dual damascene takes the process one step further in



that, in addition to forming the grooves 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 process is repeated as many times as required to form

t iae mulidevel rterconnections betwgeny metaklines-anegdhe holes farmedngle
therebetween. In one approach for a dual damascene process shown in Fig.

ddayawoansulating layersg(@20hgnd (486) ard fovmetbonmeal substrate (GG miltht e
an intervening etch-stop layer (125). A desired trench or groove pattern

P {850)sis firsttétehed artocthé Wippee msuldtingthateriaf (130) ikihglayer . The
conventional photolithographic methods and photoresist (140). The etching
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otoresist removed, thus forming the dual damascene structure shown in

ndiig1If. QR dhe grderimwhich the grgove andithe bgle-are- formed can be
reversed. Thus, the upper insulating layer

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 etch-stop layer (125).
A desired trench or groove pattern (150) 1is first etched
into the upper insulating material (130) using conventional
photolithographic methods and photoresist (140) . The
etching stops on etch-stop layer (125). Next, a second
photoresist layer (160) is formed over the substrate, thus
filling the groove opening (150), and patterned with hole
opening (170), as shown in Fig. 1lb. 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
formed can be reversed. Thus, the upper insulating layer

(130) dis first etched, or patterned, with hole (170), as



(130) is first etched, or patterned, with hole (170), as 3 shown in Fig. Id. The
hole pattern is also formed into etch-stop layer (125) . Then, the upper layer
is etched to form groove (150) while at the same time the etching transfers
the hole pattern in the etch-stop layer into lower insulation layer (120), as
sshewn imFig.lg. It wdl.be noted that the giah-stop layer stops thesgtghking ehto
the groove into the lower insulation layer. After the completion of the thusly
efotmed dpal daysasceane Structiiesrhotitthe hateoepeniay and goove ched to
opening are filled with metal (180) , and any excess material on the surface
fofthe Bubrtrate islreoved By ehemical Biechamices polishiag, 48 seetighing
Fig. If. The metal that is commonly used as the damascene interconnect is

CtatiinemT beEsuCd it retihed propertiBs foF etthabiiy, H2%4M be kibwhPts T
. those %killed irﬂ atlhe art. ré)e{\gever sing%gggpe.rmhagPetterlelectrorinigr%tll%nl be
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insulation er as . le.
property and lower resfs vity than aluminum, it'is a more preferredtmaterlal

ndyiring, than alyminum; By, E%%Saﬂlﬁ{é%ke@t%%%oeft&{%for&%ﬁ'é{g”féefs the
from high diffusivity in common insulating materials such as silicon oxide and
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 any excess material on the surface of the

substrate 1s removed by chemical mechanical polishing, as

seen in Fig. 1f.

The metal that 1is commonly used as the damascene
interconnect is aluminum because of its refined properties
for etchability, as will be known to those skilled in the
art. However, since copper has better electromigration
property and lower resistivity than aluminum, it is a more
preferred material for wiring than aluminum. By the same
token, copper unfortunately suffers from high diffusivity in
common insulating materials such as silicon oxide and
oxygen—-containing polymers. For instance, copper tends to
diffuse into polyimide during high temperature processing of
the polyimide. This causes severe corrosion of the copper

and the polyimide due to the copper combining with oxygen in



oxygen-containing polymers. For instance, copper tends to diffuse into
polyimide during high temperature processing of the polyimide. This causes
severe corrosion of the copper and the polyimide due to the copper
combining with oxygen in 4 the polyimide. The corrosion may result in loss of
t laglhegiony delagrination, Meids, asdrdtinately agatasteophic: failute of thes  of
component. A copper diffusion barrier is therefore often required. It is
adhsciosed, later inthen amlodimentsiof, therptesentiimeention that RECMD ophic
boron carbide or tantalum nitride is a preferred diffusion barrier layer. It is
f yidordiscleded i the prasertsnentionth&obein caitide isiprefdpeidrasan 1s
etch-stop layer for its lower dielectric constant. Conventionally, silicon nitride
RIS Used U5 Btch-StHp a§Er. HWever PEEYDSIESH rﬁﬁ'ita%]%enﬂ@ tothe
e nonstoichiometric, while LPCVD nitride exhibjts high tensile es,
S 5tk o e ore R 1AL abot R 2000 o BitciP e agy  boren

<£Xpibits gutgasging which resultyp voids,and. therefare, fgliahility proplems: o
Furthermore, etch rates for silicon nitride are relatively fast so that for
1 delatively low selectivity of

It is also disclosed in the present invention that
boron carbide is preferred as an etch-stop layer for its
lower dielectric constant. Conventionally, silicon nitride
(SiN) is used as a etch-stop layer. However, PECVD silicon
nitride tends to be nonstoichiometric, while LPCVD nitride
exhibits high tensile stresses, causing cracks for films
greater that about 2000 A. Silicon nitride also exhibits
outgassing which result in voids and, therefore, reliability
problems. Furthermore, etch rates for silicon nitride are
relatively fast so that for relatively low selectivity of
silicon nitride to oxides in general, nitride layers must be
thick. This results in cracks. More importantly, silicon
nitride has a dielectric constant of about 7. It 1is
desirable to use materials with lower dielectric constants
as etch-stop layers, because they become a composite part of

the interconnect, and hence affect the effective dielectric



silicon nitride to oxides in general, nitride layers must be thick. This results in
cracks. More importantly, silicon nitride has a dielectric constant of about 7.
Itis desirable to use materials with lower dielectric constants as etch-stop
layers, because they become a composite part of the interconnect, and
chesee pffestthereffective dieleettie s5 €enstant et thedptaticomposit€ccts the
structure, which affects the electrical characteristics of the device. In prior
e ety armethbddbe formirg intérconnedtiarnse fateseimieonductor fabrication and
semiconductor devices are described. In US Patent 5,817,572, Chiang, et
al., a first patterned dielectric layer is formed over a semiconductor
substrate and has a first opening filled with conductive material. Another

patterned diBeLRic 1876 is forMed boer ffeFfirSCdiBettic 1Ay drfrRasstons
second openi g over at I%ast a pto.rtion of 'gje conductiv materiaollThe first
for, semil §n ftqr fabrication ?qp semlcoqéictor eches are
patterned dielectric Tayer serves as an etch-stop in “patterning the other

aPalemeddielegtriglayer, Alsp. & diglecicetch-gtop lgyerds formed ayerthe

first patterned dielectric layer and over'the conductive material before the
potherpatterneddielectricdayes has been foynedd over a semiconductor

substrate and has a first opening filled with conductive
material. Another patterned dielectric layer is formed over
the first dielectric layer and has a second opening over at
least a portion of the conductive material The first
patterned dielectric layer serves as an etch-stop in
patterning the other patterned dielectric layer. Also, a
dielectric etch-stop layer 1is formed over the first
patterned dielectric layer and over the conductive material
before the other patterned dielectric layer has been formed.
This dielectric etch-stop layer serves as an etch-stop in
patterning the other patterned dielectric layer. The second
opening exposes a portion of die dielectric etch-stop layer.
The exposed portion of the dielectric etch-stop layer is
removed. The second opening 1is filled with conductive

material.



This dielectric etch-stop layer serves as an etch-stop in patterning the other
patterned dielectric layer. The second opening exposes a portion of die
dielectric etch-stop layer. The exposed portion of the dielectric etch-stop
layer is removed. The second opening is filled with conductive material. 6 In
anotheryS Ratent2,6581834, awben deserizess active semicandugieicribes
devices including heterojunction diodes and thin film transistors, which are
adarihved by PECVIDudepositiey of-a botorrdardidesthire fikir onamdN-type diodes
substrata. The boron to carbon ratio of the deposited material is controlled
arg thabiie filkd hels s-suitsbie band gapeheryy. i stoidtismetry dhtheHHAYVD
can be selected by varying the partial pressure of precursor gases, such as

ARG’ péntaboratle afid méthahe. Sarméifelt, i US Phtert 5,851,898, ol the'Pe

ther hand, shows a conductive exotic-nitride barrier la for .
o Lo Pl e COREE AR S ey i nis IS RS ibRe

nFLOWISes an oxidizable jayer (6.9, TIN), g,condugiive exotic-niyride bartiey, . 4
layer (e.g. Ti Al-N) overlying the oxidizable layer, an oxygen stable layer

g48-Oenergy. The stoichiometry of the film can be selected by

varying the partial pressure of precursor gases, such as

nido pentaborane and methane.

Summerfelt, in US Patent 5,851,896, on the other
hand, shows a conductive exotic-nitride barrier layer for
high-dielectric-constant material electrodes. An embodiment
of this invention comprises an oxidizable layer (e.g. TiN),
a conductive exotic-nitride barrier layer (e.g. Ti—Al-N)
overlying the oxidizable layer, an oxygen stable layer (e.g.
platinum) overlying the exotic-nitride layer, and a high-
dielectric-constant material layer (e.g. barium strontium
titanate) overlying the oxygen stable layer. The exotic-
nitride Dbarrier layer substantially inhibits diffusion of
oxygen to the oxidizable layer, thus minimizing deleterious

oxidation of the oxidizable layer.

In still another US Patent, Gnade, et al., disclose a

different method of forming electrical connections to high



platinum) overlying the exotic-nitride layer, and a high- dielectric-constant
material layer (e.g. barium strontium titanate) overlying the oxygen stable
layer. The exotic- nitride barrier layer substantially inhibits diffusion of
oxygen to the oxidizable layer, thus minimizing deleterious oxidation of the
d txidizahie dayeronsstilranotherdds Patent, Gnage, etaldiselese a differemi s
method of forming electrical connections to high 7 dielectric constant
imvatetialsn An@npbodimentof thisi diveatidr compeises an oxidizabte: layer , an
(e.g. tantalum), an oxygen gettering layer (e.g. platinum/tantalum mixture)
opvaflayingehé exitizable fjeE, a neble metal fyer (@ gt Hdtmtitd) overtaying:)
the oxygen gettering layer, and a high- dielectric-constant material layer (e.g.
OHRTUAY SPONtLRT titdhete) G\t Ry ihg4RE noBle Mré&taflafiért Fhe SfucturesE - 9-

o Parl%sl%n&% prowdf-;lﬂ eIe.ctrlca,é connection to hlg_r%-éjle.lectmj‘-a constanthghe

oxygen ¢ ttgﬁr% a%%%gntrgles o&%gﬁndiﬁﬁsmn::rln?r(ﬁm|Z|H§¥he ?orma?iolﬁio?h_

a ASESIStIVe layer either.in the Jawer glectrode, or atthe lower, elegtrodel o1 5

substrate Interface. The oxygen gettering fayer acts as a gettering site for
£ oxyderyhesedhe 9¥Y9RN the noble metal layer. The structures

presented provide electrical connection to high-dielectric-
constant. The oxygen gettering layer controls oxygen
diffusion, minimizing the formation of a resistive layer
either in the lower electrode or at the lower
electrode/substrate interface. The oxygen gettering layer
acts as a gettering site for oxygen, where the oxygen
oxidizes the reactive metal portion of the layer, leaving
the noble metal portion of the layer intact. The invention
provides a stable and electrically conductive electrode for
high-dielectric-constant materials while using standard
integrated circuit materials to facilitate and economize the
manufacturing process.

In the present invention, a method of forming a boron
carbide layer for use as a barrier and an etch-stop layer in
a copper dual damascene structure, and the structure itself

are disclosed.



oxidizes the reactive metal portion of the layer, leaving the noble metal
portion of the layer intact. The invention provides a stable and electrically
conductive electrode for high-dielectric-constant materials while using
standard integrated circuit materials to facilitate and economize the
manufacturing process. In the present invention, a method of forming a boron
carbide layer for use as a barrier and an etch-stop layer in a copper dual
damascene structure, and the structure itself are disclosed. 8 SUMMARY
OF THE INVENTION Itismhersforerarabjeciofthisriovention to provide a
method of forming a copper dual damascene structure having a boron
carbide etch-stop layer with a low dielectric constant. It is another object of
this invention to provide a method of forming a copper dual damascene
structuré thaving a theroatarkidedayerdsja darrierfto ¢copper diffustonilbrs to
still another object of the present invention to provide a copper dual
Piavigstené stri€ture Aavifg bofery itarside fayefS Ritheffeétive lowladiefeefe e

constant, good . .
structure having a boron carbide etch-stop layer with a low

dielectric constant.

It is another object of this invention to provide a
method of forming a copper dual damascene structure having a

boron carbide layer as a barrier to copper diffusion.

It is still another object of the present invention
to provide a copper dual damascene structure having boron
carbide layers with effective low dielectric constant, good
copper diffusion Dbarrier, good insulating properties and

high etching selectivity with respect to insulating layers.

It is an over—all object of the present invention to
provide a damascene structure wherein one or more of the
passivation, etch-stop, and cap layer, or combination

barrier and passivation layer are formed of boron carbide.



copper diffusion barrier, good insulating properties and high etching

selectivity with respect to insulating layers. It is an over-all object of the

present invention to provide a damascene structure wherein one or more of

the passivation, etch-stop, and cap layer, or combination barrier and

passivatier layesaredersned of boron cahige i3 Hbese apjects@areviding a

accomplished by providing a semiconductor substrate having a first
s@onductiveclayer; forbmng atoronacarbide BCY passivationdayer over saidyer ;

conductive layer; forming a first dielectric layer over said BC passivation
feayernfdrminda BT eteh-siopayerfver BaiRisfirsediefittrié dayrsr; forsing §a1d

second dielectric layer over said BC etch-stop layer; forming a BC cap layer

CRNRP ST S cort GefecttidTaydrdfofmirg A first pAdOIESSHiaFer bvdrgaiP Ve

ca I%)éer and pattecrginﬁ(f] iaid phot?resist la er v%lg'u a{n%sk qtt)mpr'sin avia

*Fole pattéjr“ﬁ;S Sejt\cfﬁing? rou%ﬁes%id v%rﬁna]tf}a n i SaidFirst ﬁhso 8Pe3|s?yla§/ero to "

491 sajd via hgleinsaid BC cap layer and said, seconddiglectyic layer il ;
said BC etch-stop layer is reached; etching through said via hole pattern to
1 49 saidevia fivleringaid-BEretsh-stopilayer: etchingukthersaid cap 1ayer
over said second dielectric layer; forming a first
photoresist layer over said cap layer and patterning said
photoresist layer with a mask comprising a via hole pattern;
etching through said via pattern in said first photoresist
layer to form said via hole in said BC cap layer and said
second dielectric layer until said BC etch-stop layer 1is
reached; etching through said via hole pattern to form said
via hole in said BC etch-stop layer; etching further said
via hole pattern into said first dielectric layer until BC
passivation layer is reached; removing said first
photoresist layer; forming a second photoresist layer over
said BC cap layer including said wvia hole in said second
dielectric layer; patterning said second photoresist layer
with a mask comprising a 1line trench pattern; etching
through said line trench pattern in said second photoresist
layer 1into said BC cap layer and said second dielectric
layer and into said BC etch-stop layer; etching further

through said hole pattern in said BC etch-stop layer and

10



via hole pattern into said first dielectric layer until BC passivation layer is
reached; removing said first photoresist layer; forming a second photoresist
layer over said BC cap layer including said via hole in said second dielectric
layer; patterning said second photoresist layer with a mask comprising a line

e theneh padtery eiching dhrpugh said linedreneh pattem ip saidisegonsh layer
photoresist layer into said BC cap layer and said second dielectric layer and

thnte saftbBTietgh-stop layer] etchingpfurthiee throughcsaid holequattern s sgid a
BC etch-stop layer and 10 extending said hole pattern into said BC

cearsivatien lagee thusdorhiing a doandamastenestruétureSeofiprisiigparate;
composite hole and line trench pattern in said substrate; removing said

T SBeYnd PhotoresisP Ryer forhiivg 8 Barrér lintAg Bh the insitie Walls ofédig S+

dual damas%%ne structgre; fomﬂn%?etal .oa/er sai %arrier lining in gaid ual
ljdnln% on (S %DS_J_ S ¥la S 586, dua amasaen StCructurey
amascene structure; and forming a combination barrier and ~“passivation

£ Layer gyer said spbstrate including ovgr said, dualdamasceng structurg. g4,
These objects are accomplished in a second embodiment providing a
dsemiernductor sybstrate;haying arsstiUCtute combination barrier and

passivation layer over said substrate including over said

dual damascene structure.

These objects are accomplished in a second embodiment
providing a semiconductor substrate having a substructure
comprising devices formed in said substrate and a conductive
layer formed thereon; a boron carbide (BC) passivation layer
over said conductive layer; a first dielectric layer over
said first BC passivation 1layer; a BC etch-stop layer over
said first dielectric layer; a second dielectric layer over
said BC etch-stop layer; a BC cap layer over said second
dielectric layer; a dual damascene structure having a top
portion and inside walls formed within first and second
dielectric layers; said dual damascene structure having a
barrier layer 1lining said inside walls; and said dual
damascene structure having a combination barrier and etch

stop layer over said top portion.

11



comprising devices formed in said substrate and a conductive layer formed
thereon; a boron carbide (BC) passivation layer over said conductive layer; a
first dielectric layer over said first BC passivation layer; a BC etch-stop layer
over said first dielectric layer; a second dielectric layer over said BC
etch-stop layer; a BG-capayer overrsaid second dielewtricdayer; a dual
damascene structure having a top portion and inside walls formed within first
and second dielectric layers; said dual damascene structure having a barrier
layer lining said inside walls; and said dual damascene structure having a
comhination barrier andsiclhy stopdayefcavet said top partiotuidl BRIokascene
DESCRIPTION OF THE DRAWINGS Figs. la-Ic show the forming of a dual

s danvdscenevsegcture where aline tteneh orgpooie isetefieth firkt fnto san into
upper second dielectric layer until an etch-stop layer is reached, and then

2Rh&RBR patfsrAichEEhtS tellowkt st diefectric Ryt decdfdiRg i¢pfer 15
art. Figs. Id-le show the formingé)f a dual damascene_ structure where a hole

T patfis efched fitstntd BR uppér” sétdhtdidlectiic iy/r dith an bith-stei e~

ff@§¥|%§%%%@@ric layer, according to prior art.

Figs. 1d-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 etched into the top layer while at
the same time the hole pattern is transferred into the lower

first dielectric layer, according to prior art.

Fig. 1f shows a dual damascene structure formed by
either one of the methods shown in Figs. la-1lc or Figs. 1d-

le, according to prior art.

Fig. 2a 1s a partial cross-—-sectional view of a
substrate showing the forming of a first and a second
dielectric layer separated from each other by an intervening
second etch-stop layer while being separated from the
substrate by a first etch-stop layer, according to the

present invention.
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and then the line pattern etched into the top layer while at the same time the
hole pattern is transferred into the lower first dielectric layer, according to
prior art. Fig. If shows a dual damascene structure formed by either one of
the methods shown in Figs. la-Ic or Figs. Id- le, according to prior art. Fig. 2a
is a partial cross-sectional view of a substrate showing the forming of a first
and a second dielectric layer separated from each other by an intervening
secoRd etch-stbp layer while beirgi separatedsfromahe isulpstratevhya firstt  a
etch-stop layer, according to the present invention. 12 Fig. 2b is a partial

s gpedscséctiopaPviehtofta Substrarrshowing thé paieirmig 6fa phbtoresisiy 1th
layer with a hole pattern over the substrate of Fig. 2a, according to the

2 présent RVehEOR. Fiy e i5Bpattialtrosd-SectionaliHew of a sitistrate "9 tO

tH'c,how}negsthnetet(l:gi\rflgnotlc .tg% hole pattern of Fig. 2b into the second and first
(ﬁelgctrlc?ayers, accor&ing to the present invention. Fig. 2d is a partial

cross-sectional view of a

Fig. 2c 1s a partial cross-sectional view of a
substrate showing the etching of the hole pattern of Fig. 2b
into the second and first dielectric layers, according to

the present invention.

Fig. 2d 1s a partial cross-sectional view of a
substrate showing the patterning of a photoresist layer with
a line pattern over the substrate of Fig. 2c, according to

the present invention.

Fig. 2e 1s a partial cross-sectional view of a
substrate showing the etching of the 1line pattern in the
second dielectric layer into the second etch-stop layer of
Fig. 2d, while at the same time etching the hole pattern in
the first dielectric layer into the first etch-stop layer,

according to the present invention.

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

substrate showing the forming of a barrier lining in the

13



substrate showing the patterning of a photoresist layer with a line pattern
over the substrate of Fig. 2c, according to the present invention. Fig. 2e is a
partial cross-sectional view of a substrate showing the etching of the line
pattern in the second dielectric layer into the second etch-stop layer of Fig.

catlhwdileat the sametiane etehing therhele padiernin thedirst dielectdetayethe
into the first etch-stop layer, according to the present invention. Fig. 2f is a

c paptial tioss-sectionat iew ofaa substrate shewing the forming-of a lelrrierthis
lining in the 13 composite line and hole structure of Fig. 2e, and the

1oeiptétioh of the dual damascene structure of this invention. DESCRIPTION
OF THE PREFERRED EMBODIMENTS Referring now the drawings, in
particular to Figs. 2a- 2f, there is shown a copper dual damascene process
utilizing boron carbide as an etch-stop layer. Specifically, Fig. 2a shows a
semiconductor substrate (200) having a conductive layer (210) thereover.
Semiconductor substrate should be understood to include a

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring now the drawings, in particular to Figs. 2a-
2f, there is shown a copper dual damascene process utilizing

boron carbide as an etch-stop layer.

Specifically, Fig. 2a shows a semiconductor substrate
(200) having a conductive layer (210) thereover.
Semiconductor substrate should be understood to include a
substrate or wafer composed of a semiconductor material such
s silicon, or silicon-on-sapphire (SOS) or silicon-on-
insulator (SOI) as 1is known 1in the art. Semiconductor
substrate should be understood to possibly further include
one or more layers of insulating material and/or conductive
material an one or more active and/or passive devices and/or
multilayer interconnection structure over the active and/or
passive devices, formed in or over the substrate or the
like. The conductive layer (210) can comprise one or more
conductors from a group coating copper, tungsten, aluminum,

titanium, titanium nitride, tantalum, tantalum nitride.

14



substrate or wafer composed of a semiconductor material such s silicon, or
silicon-on-sapphire (SOS) or silicon-on- insulator (SOI) as is known in the art.
Semiconductor substrate should be understood to possibly further include
one or more layers of insulating material and/or conductive material an one
T Merelactive aad/eppassiva devices,and/ars multilayer diterconneetigtat tern
structure over the active and/or passive devices, formed in or over the
owssubstrate.or thel tike tTke cpnductive layern210) can comprisecomelocinore is
conductors from a group coating copper, tungsten, aluminum, titanium,
Pritdfumedtride, Eataloht an@RPR hitdde. 2armypicalpethelcoitichiveg |d3er in
IS an interconnect pattern_or line. In the present invention, the conductor is

Ehtefdrfdd to 8Smptisé'EGperrand DaREr et MHITRAS bedin® HeHorm o @

bfiéj&l{(e)g:singlel%amascengost[ju&:turcea%r acplanl@tglm.lBoroang{]tI)lideo(\I;eCQ isthe
grown over the ‘conductor f%lyer or sutk))s rate u mg} the fecﬁ%nque of plasma

c&?}@é@%%_‘} chemical vapor depoesitien ofalysical yapqr dgpgsiion (YD), 4 5ra

This BC is a main feature and key aspect ofthe present invention because,
emtnlike the conventienal etchsstap layerssuchasPECYD siligon nitdde, fQhpor

example,
deposition (PVD). This BC is a main feature and key aspect
of the present invention because, unlike the conventional
etch-stop layers such as PECVD silicon nitride, for example,
it has a low dielectric constant, 1is a good barrier to
copper diffusion, has good insulating properties, and high
etch selectivity with respect to dielectric materials which
are used as insulating layers. Furthermore, through careful
control of the growth conditions, amorphous BC can be grown

having specific mechanical and electrical properties suited

for specific applications.

Thus, a passivation layer of BC, in Fig. 2a, is formed
over the underlying conductive layer (210) by introducing
boron source gas and carbon source gas in a CVD chamber at a
deposition temperature between about 100 to 450°C yielding a
dielectric constant between about 3 to 6. Preferably, the
source gases for boron and carbon includes but not

restricted to Bo,Hg, BsH¢ and CH,, CyHg, respectively. The
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it has a low dielectric constant, is a good barrier to copper diffusion, has
good insulating properties, and high etch selectivity with respect to dielectric
materials which are used as insulating layers. Furthermore, through careful
control of the growth conditions, amorphous BC can be grown having
r specificomechanicaliand electdcal properties ssitednforsspacific applicationsthe
Thus, a passivation layer of BC, in Fig. 2a, is formed over the underlying
cxohductivealayer (219) by imteadusimg Ibor6n Soarce gasgdand carbomesourceore
gas in a CVD chamber at a deposition temperature between about 100 to
CcA50TYieldingsE dietettricicofiStane betpieen dbbut 3 To-6 rPAdEmblyr ten and
source gases for boron and carbon includes but not restricted to B2H6,

h 5T ahd CHY. T2HE réSFsttively 2T s ratiof the oW Tates T iRee 935

aqk)é)r%%go%g%gag tg the carbon sour%%gas is betweentls%og%gn%élooo:l.

on.source r%as . gressure. é?]OSltiOI‘l
ne or more “carrier gases from a group containing nitrogen, argon and

1 helim cap alsppe hisgd,in gadjtiongto {he horon sourge gas, and.the carhan ;

source gas. The pressure for the deposition is between 10 mTorr and 10

ag@1t: 48 the gase that Rfis, appliegh(thatisgpina PEGVD ehambensthaised is
frequency used is
about 13.56 MHz and the RF power that 1s capacitively
coupled to the plasma 1is between about 110 to 250 watts.
And the preferred thickness of the BC is between about 50 to
5000 A. Alternatively, boron carbide can be deposited by
physical vapor deposition on a magnetron sputtering
equipment using a graphite target and a boron source gas
(including but not restricted to ByHgs, BsHg, BsHg). Main
sputtering parameters are: power between about 1 kW and 10
kW, magnetic field Dbetween about 50 Gauss to 300 Gauss,

temperature between about 20 °C to 500 °C, pressure between

about 0.1 mTorr to 1000 mTorr.

Next, first dielectric layer (220) is formed over the
BC passivation layer. As 1is well known in the art, Dblanket
dielectric layers may be formed from materials including but
not limited to undoped and doped silicon oxide materials,
organic polymers and porous and non-porous entities of the

aforementioned materials formed within integrated circuits
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about 13.56 MHz and the RF power that is capacitively coupled to the
plasma is between about 110 to 250 watts. And the preferred thickness of
the BC is between about 50 to 5000 A. Alternatively, boron carbide can be
deposited by physical vapor deposition on a magnetron sputtering
t IefipAENtUSing agraphite targetandadoreptsourcengas inaludingiaut natvp
restricted to B2H6, BSH6, BSH9). Main sputtering parameters are: power
sihetween about drkWV aneli b0 dew i magnetictieltsbetwegnabaut &0 Gaasstored
300 Gauss, temperature between about 20 C to 500 C, pressure between
eeipRui DA Torfto FOG0 nProe Next, fildY didldqric layer$220) Bibahedfirst
over the BC Eassivation layer. As is well known in the art, blanket dielectric

A Y&yeiS iz be forRted ftSm mAteriais it fidifg BGE Roffitiitéd 18 BRdoped 0000

. and doped silicon oxide materials, organic polymers and porous and
A. " : : e
non-porous entities of the aforementioned materials formed within integrated

circuifs 16 through methods.ipgluding put not limited 10,.CVD, EVR  ver the

sputtering, and spincoating methods. For the preferred embodiment of the
£ Presenyinveption.ithe blapket fist diglegkriclayerdias aithickness;befwegn in
about 2000 to 10000
the same Fig. 2a. Preferably, second BC layer (225) is
formed wusing the method described above to a thickness

between about 50 to 5000 A, and it is important that it has

the same dielectric constant as the first BC layer.

The next layer of dielectric, (230), shown in Fig. 2a
is a second dielectric layer that 1is formed above layer
(225) . The second dielectric layer ©preferably has a
thickness between about 2000 to 10000 A, and is preferably
the same as the first dielectric layer (220). Finally, a
cap layer (235) comprising typically of silicon nitride is
deposited over the second dielectric layer to a thickness
between about 500 to 5000 A. The cap layer can also be
comprised of boron carbide, which has the same dielectric
constant as the first BC layer. The cap layer functions as
an effective stop layer for CMP, and has a thickness between

about 50 to 5000 A.
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A. A second boron carbide layer is next formed over the first dielectric layer
as an etch-stop layer, as shown in the same Fig. 2a. Preferably, second BC
layer (225) is formed using the method described above to a thickness
between about 50 to 5000 A, and it is important that it has the same
dielectsicconstant;as thefirst BEJayern Jhed)extlayet oftielestrics (230)1ayer
shown in Fig. 2a is a second dielectric layer that is formed above layer
(41225). The secand tielectric tayer preferably dasd  thiekness hetweeryalroudnd
2000 to 10000 A, and is preferably the same as the first dielectric layer (220)
timmally 24 teapager{28B) ddrmprisimg §pieally2of silicor hitrideds Ndesusiteg L€ -
over the second dielectric layer to a thickness between about 500 to 5000 A.

Ustheedpiayer&an- aiso 1Y €6mpfisdd ofBordnafbide \Whizh s the Barhe0)
. dielE ctric consktlarg as %{:ﬂfir%thBC Iager. The cap Iager fur%ctiong as an .
is tche e, ,.cap con Pd 1rns §B$b§6661c

effective st%pﬁayer for P,'and has%a thickness between “about

14y A/Using canyenptional technigyes, fiy %Egh%%rgsi%'%?"vé%ﬁ%s BEXt) ayer
formed over the second dieléctric layer an
(225) as shown in Fig. 2c. The etching of the dielectric
layers 1is accomplished using plasma-assisted dry etching
wherein etching chemistry comprises one or more gas from a
group containing fluorocarbon(s), fluorine-substituted
hydrocarbon(s), fluorosulfur, hydrocarbon(s), fluorine,
chlorine, chlorine-substituted hydrocarbon(s), nitrogen,
hydrogen, forming gas, argon, carbon monoxide and oxygen,
while the etching of the BC cap layer and etch stop layer
is accomplished using plasma—-assisted dry etching wherein
etching chemistry comprises one or more gases from a group
containing nitrogen, hydrogen, forming gas, fluorine,

chlorine, oxygen and argon.

Next, the first photoresist layer is removed,
preferably by wet stripping or oxygen plasma ashing,
although the first photoresist layer may also be removed
during the etching if oxygen is used as one of the etching

gases. A second photoresist layer (260) formed over the
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then patterned with the image of a via or a contact hole. Using photoresist
layer (240) as a mask, hole pattern (250) is then etched into the cap second
and first dielectric layers, in that order, including the intervening BC layer
(225) as shown in Fig. 2c. The etching of the dielectric layers is
s@assemptished usiguplasipa-assistesbanyietghings wheseini efchingchemisifyou s
comprises one or more gas from a group containing fluorocarbon(s),
s fleprinessabstittteelr hydrocadion{s) fluorasalfurf hpdrotadon{snfikorine, form
chlorine, chlorine-substituted hydrocarbon(s), nitrogen, hydrogen, forming
g’V argbA, Barbef nfdrxideland:d/gerd whilethd éfehingedfihe BCLeéaprext
layer and etch stop layer is accomplished using plasma-assisted dry etchin%he

ERiHErERT Biching ERBmMIstRFcomprises onB bt idreyasles M groupt©

containi itrogen, hydrogen, forming gas, fluorine, chlorine, pxygen and .
BN N e L PGS gl 18 erROAGH B N By et shpEig

WPk PXygen plasmaiashing, althoughthe Grst photoresist layermay also e
removed during the etching if 0xygen'is used as one of the etching gases. A
g1566end phatoresisti layer (260) formed-ever B¢, 18 fluorine-substituted
hydrocarbon(s), fluorosulfur, hydrocarbon(s), nitrogen,
hydrogen, forming gas, argon, carbon monoxide and oxygen,
first stopping on etch-stop layer (225) as shown by phantom
lines (275). After removal of the second photoresist layer,
the hole pattern in the first dielectric layer is
transferred into the passivation layer (215), as shown in
Fig. 2e. This is accomplished with plasma-assisted dry
etching wherein etching chemistry comprises one or more gas
from a group containing nitrogen, hydrogen, forming gas,
fluorine, chlorine, O, and Ar having high etching

selectivity with respect to exposed copper or silicon.

As another important step in the present invention, the
composite line/hole structure shown in Fig. 2e is lined with
a material which forms a good barrier to copper diffusion.
It 1is preferred that barrier 1lining (280) comprises

tantalum or tantalum nitride formed by PVD or CVD, and
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substrate, including the opening formed in the previous step, and patterned
with the image of a line trench to form groove (270) as shown in Fig. 2d. The
line pattern is next transferred from the second photoresist layer into the
second dielectric layer by using plasma-assisted dry etching wherein etching
hLhentsty COnipFises One s merergases ronmsa greupcwyaiAing Next, the
fluorocarbon(s), fluorine-substituted hydrocarbon(s), fluorosulfur,
cédwydracarbons) ruitroger, hyslrogen, lferminggas,cargon ycarbonwmonoxidgoper
and oxygen, first stopping on etch-stop layer (225) as shown by phantom
(3ihes (295). pter FenfovallBEtherseeond! plictorésistiayer thehorkipatertmn 2
the first dielectric layer is transferred into the passjvation layer (215), as
LB RRASFIS 2EC Phis P A orBihecPuit Plbmin 288sidiFdr B ithgret 2 L
. wherein etcgling cherréi%tr)f/nggm riseségﬂggr mqre gas from a group

lsconfaelrrﬂ%\éenl roé)é]n, hy ?ogena,l orrﬁrllng gas,l(ﬁ%orln ,O(%h]lgr}frlla 2 ar‘?ﬁl%ﬁ'h s

YN 9N sLehing  selactiyity M%E?SBSEE‘:QC%%’PSGE‘ £oRpeLOr Silicon. Asye

another'important step in the present invention, the composite fine/hole
astastue shownphig.Leis lined with, anmatgrial which.forms-21089d batierng

to copper diffusion. It is preferred that barrier lining (280) comprises
still another layer (300) of boron carbide having a
thickness between about 50 to 5000 A over the substrate to
serve as a top barrier 1lid or passivation layer for the

copper interconnect, or as an etch-stop layer for the next

level of metallization as shown in Fig. 2f.

It will be apparent to those skilled in the art that,
the passivation layer, the etch-stop layer, and the cap
layer, namely the disclosed BC layers become integrated into
the disclosed copper damascene 1interconnect, and hence
contribute to an over-all smaller effective dielectric
constant than would otherwise be. In addition to having a
lower dielectric constant than, for example, the commonly
used silicon nitride, boron carbide also has good qualities
as a barrier to copper diffusion. Thus, BC can also be used
as barrier layer (280) for the copper damascene interconnect

shown in Fig. 2f. Though numerous details of the disclosed
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tantalum or tantalum nitride formed by PVD or CVD, and 19 having a
thickness between about 50 to 2000 A. Next, the composite structure is
filled, preferably, with copper (290) or other conductor such as aluminum
deposited to a thickness between about 4000 to 10000 A and the excess
ménefal is femoveddy eberticalHaeehanisakpolishing: which isocomunraly  and
used for planarizing surfaces. Finally, the copper damascene structure of the
piveEntion iscoapiéted oy forming stilt anethermayem(@903 of badriomgcarbide the
having a thickness between about 50 to 5000 A over the substrate to serve
PERseitp barieridionpassivation ly&rfolothé 1 edisper MERGARect, drasdmese
etch-stop layer for the next level of metallization as shown in Fig. 2f. It will be

Skabpaféht t0'thos8 skifled ke arf'fhiaf teassivation et Sthe etch-sdp  Pe
layer, and the cap layer, namely the disclosed. BC layers become integrated
oo B F0bp S e e R ConoEE Bt Fince SontBire 167
¢ Ancoversall smaller effective dielectric, fopstary than weuld otherwise bg. In 1

addition to having a lower dielectric constant than, for example, the
erfoMIYeRly s used silicon; nitride,baren carhide alsghas,geod, gualities many to
cite, such as the forming of passivation layer, etch-stop

and cap layer as well as barrier layers comprising the

disclosed BC, and also, the forming of not only dual or

multi-damascene structures, but to single damascene
structures as well. Furthermore, the dual damascene
structure which 1is constructed in the present invention

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

it will be understood by those skilled in the art.

While the invention has been particularly shown and
described with reference to the preferred embodiments
thereof, it will be understood by those skilled in the art
that various changes 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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as a barrier to copper diffusion. Thus, BC can also be used as barrier layer
(280) for the copper damascene interconnect shown in Fig. 2f. Though
numerous details of the disclosed 20 method are set forth here, such as
these processes and process parameters, to provide an understanding of

1the. present iventior.dtwillde ehvieus, howevels tathose rskilled ia thewadt op
that these specific details need not be employed to practice the present
annvemioni At theesame timepit Wil be evident that the same methods may be
employed in other similar process steps that are too many to cite, such as
the forming of passivation layer, etch-stop and cap layer as well as barrier

layers comprising the disclosed BC, and also, the forming of not only dual or
PRt HeasCeneEtrtichires Shirttto §|H8fétéf§}ﬁ§scéﬁ¥ EirlcturedusS e cture
Furthermore, Cghe dual d ascgue structure w%ch IS constructed in th§

C%méjé‘ﬁelnﬁjir?\?e ioh iSing thé MrencHirst Spprdacty tah alsh Be SofstHictEs Ve
gp tpg g{ﬁd rtsﬁl anpr ach or other known approaches, as it will be
y

understoo those skilléd in the art. While the invention has been
particularly shown and described with reference to the preferred
embodiments

a boron carbide (BC) passivation layer over said conductive

layer;

a first dielectric layer over said BC passivation layer;
a BC etch-stop layer over said first dielectric layer;

a second dielectric layer over said BC etch-stop layer;

a BC cap layer over said second dielectric layer;

a dual damascene structure having a top portion and inside

walls formed within first and second dielectric layers;

said dual damascene structure having a barrier layer lining

said inside walls; and

said dual damascene structure having a combination barrier

and etch stop layer over said top portion.
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thereof, it will be understood by those skilled in the art that various changes
in form and details may be made without departing from the spirit and scope
of the invention. What is claimed is: 21 1. A dual damascene structure with
boron carbide etch-stop and barrier layers comprising: providing a
semiconductor substrate having a substructure comprising devices formed in
said substrate and a conductive layer formed thereon; a boron carbide (BC)

2 pasSivatiahlayerdxes sakhconductive: layer; atfirstidiebectiic layerowansaighid
BC passivation layer; a BC etch-stop layer over said first dielectric layer; a

BGeparic dietectiie layeryever saidl BCREchestop layerr a BC tdp Byerbvér-stop
said second dielectric layer; a dual damascene structure having a top portion

L aneinsitfe® walRHBRRed Withih fi%Y%n&@@é&%rdiewctriéwg}ﬁ%ud?orOﬂ
damascene strugture I%aving a barrier layer lining said inside walls; and said

Uil GaaScené strictire having acomfbination bafiet°and Btch-§top Tayer =
b OVGLERAALIBRPOMYY o as0°c.

3. The dual damascene structure of claim 2, wherein said
boron source gas comprises ByHg, BsHgy and carbon source gas

comprises CHy, C,Hg.

4. The dual damascene structure of claim 2, wherein said BC
passivation layer, said BC etch-stop layer and said BC cap
layer are formed using physical wvapor deposition (PVD) with

a graphite target and a boron source gas.

5. The dual damascene structure of claim 1, wherein said
BC passivation layer has a thickness between about 50 to

5000 A.

6. The dual damascene structure of claim 1, wherein said
first dielectric layer comprises undoped silicon dioxide,
doped silicon dioxide, organic polymers and porous

combination thereof.
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22 2. The dual damascene structure of claim 1, wherein said BC passivation
layer, said BC cap layer, said BC etch-stop layer are formed in a CVD
chamber by introducing boron source gas and carbon source gas at a
deposition temperature between about 100 to 450C. 3. The dual damascene

7 strugtige af,claimn2nwlRereitsaid horen seUree gas semprisesB216 BSHR 1 q
and carbon source gas comprises CH4, C2H6. 4. The dual damascene

f streictute ©f elaimiz; wherein sead BC tdassivation layetwsaid B etch-t0p0 to
layer and said BC cap layer are formed using physical vapor deposition

1gPYUD)Avith a graphite target and a boron source gas. 5. The dual
damascene structure of claim 1, wherein said BC passivation layer has a
thickness between about 50 to 5000 A. 6. The dual damascene structure of
claim 1, wherein said first dielectric layer comprises undoped silicon dioxide,

8d0p£8%l|lg8ﬁh|0§%a8ﬁféh?c WMS and ﬁoﬁo%%bﬁubﬂnaﬂ&ﬁjﬁﬁﬁé& F3id

s dh&,dual damascene stiycture, of claim L whereinsaid o ue 50 to 5000
A.
9. The dual damascene structure of claim 1, wherein said

second dielectric layer has a thickness between about 2000

o

to 10000 A.

10. The dual damascene structure of claim 1, wherein said

barrier lining comprises tantalum nitride or tantalum.

11. The dual damascene structure of claim 1, wherein said

barrier lining has a thickness between about 50 to 2000 A.

12. The dual damascene structure of claim 1, wherein said
combination barrier and etch-stop layer comprises boron
carbide formed in a PECVD chamber by introducing boron
source gas and carbon source gas at a deposition temperature

between about 100 to 450°C.
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first dielectric layer has a thickness between about 2000 to 10000 A. 8. The
dual damascene structure of claim 1, wherein said BC etch-stop layer has a
thickness between about 50 to 5000 A. 9. The dual damascene structure of
claim 1, wherein said second dielectric layer has a thickness between about

12000 tedQ0Q90A.d0. Therdual glamaseenenstrugisire of claimrl, wherein sgidr s
barrier lining comprises tantalum nitride or tantalum. 11. The dual damascene

catnoctuse of claim 1, wherein said barrier lining has a thickness between
about 50 to 2000 A. 12. The dual damascene structure of claim 1, wherein
said combination barrier and etch-stop layer comprises boron carbide
formed in a PECVD chamber by introducing boron source gas and carbon
2 s YA A depositivnttediperdtare BetveeRdBOLE 16U%0 4506 24 PSR
lglamascgene structure with boron carbide layers comprising: a semiconductor
tiebstrate having a conductive layer formed thereon;

a passivation layer formed over said conductive layer;
a dielectric 1layer formed over said passivation layer;
an etch-stop layer formed over said first dielectric layer;
a second dielectric layer formed over said etch-stop layer;
a damascene cavity formed within said first and second
dielectric layers, including therethrough intervening said

etch-stop layer;

said damascene cavity having a top edge portion and inside

walls;

a barrier layer lining said inside walls;

a combination barrier and passivation layers over said top

edge portion; and
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a passivation layer formed over said conductive layer; a dielectric layer
formed over said passivation layer; an etch-stop layer formed over said first
dielectric layer; a second dielectric layer formed over said etch-stop layer; a
damascene cavity formed within said first and second dielectric layers,
including therethrough intervening said etch-stop layer; said damascene
cavity having a top edge portion and inside walls; a barrier layer lining said
whrside walls)ca combmatien afries and passivationtiapers oeercsaid tap edgep
portion; and 25 wherein one or more of said passivation, etch-stop, cap
Laggsr opconibiratici-batiePand passivatoR et ieformiedl e Baronscarbioesd

26
of boron carbide.
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