SI LI CON-RI CH OXI DE FOR COPPER DAMASCENE | NTERCONNECT | NCORPORATI NG LOW

DI ELECTRI C CONSTANT DI ELECTRICS The present invention relates geperg{hg@ﬁo
fabrication of sem conductor devices, and nore specifically to etch stop

| ayers used in fabrication processes of sem conductor devices. 1 07 MAR
2007 BACKGROUND COF THE I NVENTION Currently, silicon nitride (SiN) or
silicon oxynitride (SION) liners are chose in as the etch stop | ayer and as
hard masks for fluorine (F)-doped and Carbon (C)-doped | owk dielectrics

i ke FSG, CORAL T"', BLACK DI AMONDTM SiLKTM etc. in copper (Cu)

si ngl e/ dual damascene interconnect processes. However, it has been

reported that using either SiN (having a dielectric constant of about 7.0)
or SION (having a dielectric constant of about 5.5) causes nasking footing
and via poisoning issues due to the interaction of photoresist with am ne
species. Further, the high dielectric constant (k) fromSi N or Si ON
conpensates the effect of introducing low k material into sem conductor
manuf acturing and results in a high effective dielectric constant of
internetal dielectric (IMD) layers. U S. Patent No. 6,207,556 Bl to Hsu
describes an silicon-rich oxide (SRO |ayer 204 and |owk |layers. U S.
Patent No. 6,174,797 Bl to Bao et al. describes an SRO barri er

SILICON-RICH OXIDE FOR COPPER DAMASCENE INTERCONNECT

INCORPORATING LOW DIELECTRIC CONSTANT DIELECTRICS

The present invention relates generally to fabrication of
semiconductor devices, and more specifically to etch stop layers used in fabrication

proeesses of semiconductor devices.




| ayer :16. U.S. Patent No. 6,228,756 Bl to Lee describes a silicon-rich

| ayer 114 for lowk layer 106. U S. Patent Nos. 6, 166, 427-1 Hugg?ﬁet al .
6,133,143 to Lin et al. and 5,976,984 to Chen et al. describe 'S Fayers
in interconnect processes. 2 8 7 2087 SUMMARY OF THE | NVENTI ON
Accordingly, it is an object of one or nore enbodi nents of the present
invention to provide an inproved nethod of fabricating a damscene
structure wusing an internediate SRO etch stop | ayer and/or an upper nost
SRO hard nmask |ayer. Other objects will appear hereinafter. It has now
been di scovered that th¢§§2$§336ﬂﬂwﬁi&@%rﬁéhgg?ﬁq?pahhe present invention
may be acconplished int a structure
havi ng at | east one exposed conductive structure is prOV|ded A dielectric
barrier layer over the structure and the at | east one exposed conductive
structure. A | oweCub@wtly, diliebeeiitride (SAVEOT bidichRLRBAitaYe éSleiIe) dhelsegéric
barrier layer. An upper |lowk dielectric layer is formed over the | ower

| ow k di ehestrascthleaydr stopriaBROuetd eh hast omskajer {lisifoffepfhdtueearbhe | ower

| ow-k dielectric |ayer and the upper lowk dielectric |ayer and/or an SRO
hard maskCl-dgeed lavkatigkedtrasdiketlivds, dgpBALIMGBIACK DIAMOND™, SILK™, etc.

in copper (Cu) single/dual damascene interconnect processes. However, it has been

reported that using either SiN (having a dielectric constant of about 7.0) or SiION
(having a dielectric constant of about 5.5) causes masking footing and via poisoning
issues due to the interaction of photoresist with amine species. Further, the high
dielectric constant (k) from SiN or SiON compensates the effect of introducing low-
k material into semiconductor manufacturing and results in a high effective

dielectric constant of intermetal dielectric (IMD) layers.

U.S. Patent No. 6,207,556 Bl to Hsu describes an silicon-rich oxide
(SRO) layer 204 and low-k layers.

U.S. Patent No. 6,174,797 Bl to Bao et al. describes an SRO barrier

layer 16.

U.S. Patent No. 6,228,756 Bl to Lee describes a silicon-rich layer 114

for low-k layer 106.

U.5. Patent Nos. 6,166,427 to Huang et al., 6,133,143 to Lin et al. and

5,976,984 to Chen et al. describe SRO layers in interconnect processes.




dielectric layer. At |east the upper and lower lowk dielectric |ayers are
patterned to formthe at |east one damascene openi ng exposiifg it f@ast a
portion of the at |east one conductive structure, wherein the at |east one
SRO | ayer has a high etch selectivity relative to the | ower and upper

|l ow-k dielectric layers. 3 07 MAR 2007 BRI EF DESCRI PTI ON OF THE DRAW NGS
The features and advantages of the present invention will be nore clearly
understood fromthe follow ng description taken in conjunction with the
acconpanyi ng drawings in which Iike reference nunerals designate simlar or

correspondi ng el ements, reginMaNPARYOPYHE: PAY P Which: Figs. 1 to 3
schematically |IIustrate rn—CTUSS"SECTTUﬁaT‘TEpT esentation a preferred
enbodi ment of the present invention. 4 ~! t i' 1/ U r DETAI LED

DESCRI PTI ON OF THE PREFERRED EMBCDI MENT I niti aI St ructure Fig. 1

illustrates a crossc®egingbnat is\vinewj@t oflost b etdie enmbddRavhRef texpaseflt
conductive structures 12 forned thereln Conductive structures 12 nay be
netal plisgsnidsn ko nasyvidonnexgnphed aetonayi tabclaudegrespeetiane stedahrdarri er
layers 14 as shown in the figures. Conductive structures 12 are preferably
conpr i segbing an intermediate SRO etch stop layer and/or an uppermost SRO hard mask

layer.
Other objects will appear hereinafter.

It has now been discovered that the above and other objects of the
present invention may be accomplished in the following manner. Specifically, a
structure having at least one exposed conductive structure is provided. A dielectric
barrier layer over the structure and the at least one exposed conductive structure. A
lower low-k dielectric layer is formed over the dielectric barrier layer. An upper
low-k dielectric layer is formed over the lower low-k dielectric layer. An SRO etch
stop layer is formed between the lower low-k dielectric layer and the upper low-k
dielectric layer and/or an SRO hard mask layer is formed over the upper low-k
dielectric layer. At least the upper and lower low-k dielectric layers are patterned to
form the at least one damascene opening exposing at least a portion of the at least
one conductive structure, wherein the at least one SRO layer has a high etch

selectivity relative to the lower and upper low-k dielectric layers.




copper- (Cu), alum num (Al'), tungsten (W or gold (Au) and are nore
preferably conprised of copper. Structure 10 is preferablylid $i44 ¢
substrate and is understood to possibly include a sen conductor wafer or
substrate, active and passive devices formed within the wafer, conductive
| ayers and dielectric layers (e.g., inter-poly oxide (IPO, internetal
dielectric (IMD), etc.) fornmed over the wafer surface. The term

"sem conductor structure" is nmeant to include devices formed within a

sem conductor wafer and the |ayers overlying the wafer. A dielectric
barrier layer 11 is f%mﬁﬁgstrﬁl@%%{Eﬁtﬂgg;&ggﬁggggonducti ve structures
12 to a thickness of prei nd nore preferably
from about 300 to 500A. Dielectric barrier layer 11 is preferably

conprised of SIN, SiONor SiC. Alower dielectric layer 16 is formed over
di el ectric barrier Thayeltudeh 4 a@vhhiagksesIhofhrieat ehabinod WML e 1500
to 6000A and nore preferably fromabout 5 2500 to 5000A. Lower dielectric
| ayer 16ciearigenedabilopdaioinntier fidioalingdi ddsedption tditdDin cb@jy@ttioh wiehahe
dielectric layer 16 is preferably conprised of a lowk dielectric nmaterial
such as: atquonpaniicg |dwwkngh &t echichckks ueferasehydnegdn desigsasyuirottaner
fluorine (F)-doped or carbon (C)-doped |lowk dielectric materials such as
FSG, corresponding elements, regions and portions and in which:

Figs. 1 to 3 schematically illustrate in cross-sectional representation a

preferred embodiment of the present invention.




CORALTMmanuf act ured by NVLS; BLACK DI AMONDTMranuf actured by AMAT, or

Si LKTMranuf act ured by Dow Chem cal, or other organic |owk ey r;,,ggi;.s?;ﬁfor
exanpl e. Formation of SRO Etch Stop Layer 18 A silicon-rich (S a“’ét'éjl"i st op
| ayer 18 is formed over the lower dielectric layer 16 to a thickness of
preferably from about 200 to 1000A and nore preferably from about 300 to
700A. SRO etch stop layer 18 will be used as an etch stop for the trench
opening in a dual damascene interconnect (and not for the via opening
etching). SRO etch stop layer 18 is preferably formed in an am ne-free

envi ronnment epied 1 {d DEYCRIET IO FERRYD PVAORY pl asma
enhanced che vapor | ow ng
conditions: TECS gas flow preferably fromabout 50 to 2000 ngm and nore
preferably fromabout 100 to 1500 ngm O0Z gas flow preferably from about
50 to 20p@igermcamed nore preferably fromabout 100 to 1500 seem 6 He gas
flow preferably fromabout 100 to 5000 seem and nore preferably from
about 500 to 3000 seem pressure: preferably fromabout 2 to 15 Torr and
nore preferably

Fig. 1 illustrates a cross-sectional view of a structure 10 having
exposed conductive structures 12 formed therein. Conductive structures 12 may be
metal plugs or lines, for example, and may include respective metal barrier layers
14 as shown in the figures. Conductive structures 12 are preferably comprised of
copper (Cu), aluminum (Al), tungsten (W) or gold (Au) and are more preferably

comprised of copper.

Structure 10 is preferably a silicon substrate and is understood to
possibly include a semiconductor wafer or substrate, active and passive devices
formed within the wafer, conductive layers and dielectric layers (e.g., inter-poly
oxide (IPO), intermetal dielectric (IMD), etc.) formed over the wafer surfacé. The
term “semiconductor structure” is meant to include devices formed within a

semiconductor wafer and the layers overlying the wafer.

A dielectric barrier layer 11 is formed over the structure 10 and
conductive structures 12 to a thickness of preferably from about 200 to 700A and
more preferably from about 300 to 500A. Dielectric barrier layer 11 is preferably
comprised of SiN, SiON or SiC.

A lower dielectric layer 16 is formed over dielectric barrier layer 11 to

a thickness of preferably from about 1500 to 6000A and more preferably from about




fromabout 4 to 7 Torr; tenperature: preferably from about 300 to 450C and
nmor.e preferably fron1about 350 to 400C, HF RF power; preferalyly | TF@ETGPOUt
100 to 1200 Wand nore preferably from about 200 to 700 W and LF 'R

power; preferably fromabout 50 to 1000 Wand nore preferably from about
70 to 500 W or (2) by the reaction of SiHA with O2 using a high density

pl asma chem cal vapor deposition (HDP CVD) tool under the foll ow ng
conditions: SiH4 gas flow preferably fromabout 20 to 100 seem and nore
preferably fromabout 30 to 50 seem 02 gas flow preferably from about 30

or ef or abyon Fony Ahbure ATt aye T R dt b iR uRRRT g TvEA.

pressurej, dR;eferany fromabout 2 to 7 mlorr and nore preferably from
about 3 tG 6 miorr tenperature: preferably from about 250 to 500C and nore
preferably from about 300 to 400C, LF RF power; preferably from about 2000
to 5000 Wand nore

Lower dielectric layer 16 is preferably comprised of a low-k dielectric

material such as: inorganic low-k dielectrics such as hydrogen silsesquioxane;
fluorine (F)-doped or carbon (C)-doped low-k digiectric materials such as FSG,
CORAL™manufactured by NVLS; BLACK DIAMOND™manufactured by AMAT;
or SiLK™manufactured by Dow Chemical, or other organic low-k materials, for

example.

Formation of SRQ Etch Stop Layer 18

A silicon-rich (SRO) etch stop layer 18 is formed over the lower
dielectric layer 16 to a thickness of preferably from about 200 to 1000A and more
preferably from about 300 to 700A. SRO etch stop layer 18 will be used as an etch
stop for the trench opening in a dual damascene interconnect {and not for the via

opening etching).

SRO etch stop layer 18 is preferably formed in an amine-free
environment either:
(1) by the reaction of TEOS with O2 using a plasma enhanced chemical vapor
deposition (PE CVD) tool under the following conditions:
TEOS gas flow: preferably from about 50 to 2000 mgm and more
preferably from about 100 to 1500 mgm;
O, gas flow: preferably from about 50 to 2000 sccm and more

preferably from about 100 to 1500 scem;




preferably from about 2500 to 4500 W and 7 81 Z. 01 ;7 bias RF power;
preferably fromabout 0 to 2000 Wand nore preferably fromabout O to 1000 .
W SRO etch slop |ayer 18 has a refractive index (RI) of pref@rabﬁﬁ Fliiém
about 1.52 to 1.75, a dielectric constant (k) of fromabout 4.0 to 4.2. The
Si-rich properties of SRO etch stop |ayer 18 provide for a nuch higher"
filmdensity and greater hardness than other lowk materials which results
in a high etch selectivity between SRO etch stop |ayer 18 and ot her | owk
materials such as lower lowk dielectric |ayer 16 and upper |ow k

G ey, Laver 0 Coge chel oWlro A BRSL 6L BHLE Ao R0 S

over SRO etch stop

to 8000A and f ahp 3000 to 6000A. Upper dielectric
| ayer 20 is n%%g bﬁﬁg ggk%%SPQg%rneggIndielectric (I'MD) layer. Upper

dielectric layer 20-eksurpf g@&@?éwly_fﬁﬁﬂpéﬂoﬁﬁdz @b B Tew Kn@ilﬁb&cgféf&ab terial

such as: inorganic lowk dielectrics such as hydrogen sil sesqli oxane;

fl uori nefebln - glaped o7 Tatpon (C)-doped I owk dielectric materials such as
FSG CORAL TM manufactured by NVLS; BLACK DI AMONDTMranuf actured by ANAT;
Si LKTMranuf act ur edebypebaimr Chaeiaablydromorapant 800 owd 30 fredret inaks prdfarabéxanpl e.
Formati on of SRO Hard Mask Layer 22
from about 350 to 400°C;
HF RF power; preferably from about 100 to 1200 W and more
preferably from about 200 to 700 W; and
LF RF power; preferably from about 50 to 1000 W and more
preferably from about 70 to 500 W;
or .
(2) by .the reaction of SiH, with O, using a high density plasma chemical
vapor deposition (HDP CVD) tool under the following conditions:
SiH, gas flow: preferably from about 20 to 100 scem and more
preferably from about 30 to 50 scemy;
O, gas flow: preferably from about 30 to 150 scem and more
preferably from about 40 to 80 scemy;
S5iH,:O, ratio: preferably from about 1:2 to 1: 1 and more preferably
about1:1.5;
pressure: preferably from about 2 to 7 mTorr and more preferably
from about 3 to 6 mTorr;
temperature: preferably from about 250 to 500°C and more preferably
from about 300 to 400°C;
LF RF power; preferably from about 2000 to 5000 W and more

preferably from about 2500 to 4500 W; and




A silicon-rich (SRO hard mask layer 22 is forned over the upper
dielectric layer 20 to a thickness of preferably from about ﬁgo,_.e,t,]g 1000A
and nore preferably from about 300 to 700A. 8 7 SRO hard mesk [‘ayerii?2 is
preferably formed in an am ne-free environnent by either: (1) the reaction
of TTE-OS with 02 using a plasma enhanced chem cal vapor deposition (PE
CvD) tool under the followi ng conditions: TECS gas flow. preferably from
about 50 to 2000 mgm and nore preferably fromabout 100 to 1500 ngm 02
gas flow preferably fromabout 50 to 2000 seem and nore preferably from

about 100 to 1500 ) s. Tl ow. .nreferabl rom.a 0 _t.0 5000 seem
and nore preferab;%?a%pr[{g g%%ﬁ’t pgg%/r% oy3&8 saé)éﬁ# @r"&s?@ﬁbﬁe:‘)"gﬁé‘ﬁeé‘%@y from
about 2 to 15 ?Q{ega@gﬁryﬁ?wo&r(ﬁ{oef@ Igg tfrom about 4 to 7 Torr;

t emper at ur e: gref era rom about 0 450C and nore preferably from
about 350 to 400C, HF RF power; preferably from about 100 to 1200 W and
nore preferably fromabout 200 to 700 W and LF RF power; preferably from
about 50 to 1000 WsaKHeirhrseop layer 18 has a refractive index (RI) of preferably from

about 1.52 to 1.75, a dielectric constant (k) of from about 4.0 to 4.2. The Si-rich
properties of SRO etch stop layer 18 provide for a much higher film density and
greater hardness than other low-k materials which results in a high etch selectivity
between SRO etch stop layer 18 and other low-k materials such as lower low-k

dielectric Jlayer 16 and upper low-k dielectric layer 20 (see below).

An upper dieiecﬁ*ic layer 20 is formed over SRO etch stop layer 18 to a
thickness of preferably from about 2000 to 8000A and more preferably from about
3000 to 6000A. Upper dielectric layer 20 is generally also an intermetal dielectric
(IMD) layer.

Upper dielectric layer 20 is preferably comprised of a low-k dielectric
material such as: inorganic low-k dielectrics such as hydrogen silsesquioxane;
fluorine (F)-doped or carbon (C)-doped low-k dielectric materials such as FSG,
CORAL™manufactured by NVLS; BLACK DIAMOND™manufactured by AMAT;

SILK™manufactured by Dow Chemical or organic low-k materials, for example.

Formation of SRO Hard Mask Layer 22

A silicon-rich (SRO) hard muask layer 22 is formed over the upper
dielectric layer 20 to a thickness of preferably from about 200 to 1000A and more
preferably from about 300 to 700A.




preferably fromabout 70 to 500 W or (2) the reaction of SiH4 with 02
using.a high density plasma chenical vapor deposition (HDP | D) t ool under
the followi ng conditions: SiH4 gas flow preferably from abdut 287 t%6:7100
seemand nore preferably fromabout 30 to 50 seem 2 gas flow preferably
fromabout 30 to 150 seem and nore preferably fromabout 40 to 80 seem 9
7 SiHA: 2 ratio: preferably fromabout 1 : 2 to 1 : 1 and nore preferably
about 1 : 1.5; pressure: preferably fromabout 2 to 7 niforr and nore
preferably front about 3 to OIl iorr; tenperature: preferably from about
250 to 400C and nore preferably fromabout 300 to 350C, LF RF power;
preferably from about 2000 to 5000 W and nore preferably from about 2500

to 4500 W and bi agrfF }ﬁ?él‘eﬁlaelpri\glér&rsg% %a%g&%lggp%rﬁeao 5.2990511\{%11@ g mor e

preferably from about 0 to 1200 l'ayer has r active
i ndex (Rehv@bniieaf By @Rhyr:from

{1) the reaction of TEOS with O, using a plasma enhanced chemical vapor
deposition (PE CVD) tool under the following conditions:
TEOS gas flow: preferably from about 50 to 2000 mgm and more
preferably from about 100 to 1500 mgm;
O, gas flow: preferably from about 50 to 2000 sccm and more
preferably from about 100 to 1500 scem;
He gas flow: preferably from about 100 to 5000 scem and more
preferably from about 500 to 3000 scemy;
pressure: ?referébly from about 2 to 15 Torr and more preferably
from about4to7 Torr;
temperature: preferably from about 300 to 450°C and more preferably
from about 350 to 400°C;
HF RF power; preferably from about 100 to 1200 W and more
preferably from about 200 to 700 W; and
LE RF power; preferably from about 50 to 1000 W and more
preferably from about 70 to 500 W;
or
{2) the reaction of 5iH, with O, using a high density plasma chemical vapor
deposition (HDP CVD) tool under the following conditions:
SiH, gas flow: preferably from about 20 to 100 sccm and more
preferably from about 30 to 50 scem;

O, gas flow: preferably from about 30 to 150 scem and more

preferably from about 40 to 80 scem;




about-1.52 to 1.75, a dielectric constant (k) of fromabout 4.0 to 4.2. The
Si-rich properties of SRO hard mask | ayer 22 provide for a @qc@ﬁﬂiﬂgzr
filmdensity and greater hardness than other |lowk material%s which“tésults
in a high etch selectivity between SRO hard mask |ayer 22 and other |owk
materials such as upper lowk dielectric layer 20. It is noted that under
the teachings of the present invention, (1) just an SRO etch stop |ayer 18
may be formed for dual damascene interconnect formation, (2) just an SRO
hard mask |ayer 22 may be forned; or (3) both an SRO etch stop |ayer 18

and an SRO hard ”%‘?Ik d)za}/aqo%g%g?%ﬁ%??ﬁ};rg%gggt 19 t%("'jlail A%‘?&arrip% r}}}%eferabiy of

i nterconnect formatidn®as s ares. tterni ng
Upper and Lowgg,Ojefgctric Layers 20, 16 As shown in Fig. 2, the upper and
| ower dielectric layers 20, 16 are patterned to formfor exanple via

openi ngs 24, 25 apgesstifNreRPaily @Sm28hd@nd Yo PRK{TGR! landshowe préfekitgs. 2 and
3) where via openings 24 and the respective trench openings 26 conprise
dual danmascelfwiopeaiiys @8 Toagai n, only partially showmm in Figs. 2 and 3).
In the formati on of dual damascene openi ngs 28, SRO etch stop layer 18 is
used as an etch stappeapee: prifsrably frhe dlorutedSD dn 400°C amholvropeaiengdy 26. As
shown in Fig. 2, the upper and lower dielectric |ayers 20, 16 may be
patterned usfivg papy a8 3pHdtior esi st | ayer, for exanple.

LF RF power; preferably from about 2000 to 5000 W; and more
preferably from about 2500 to 4500 W; and

bias RF power; preferably from about 0 to 2000 W; and more
preferably from about 0 to 1200 W.

SRO hard mask layer 22 has a refractive index (RI) of preferably from
about 1.52 to 1.75, a dielectric constant (k) of from about 4.0 to 4.2. The Si-rich
properties of SRO hard mask layer 22 provide for a much higher film density and
greater hardness than other low-k materials which results in a high etch selectivity
between SRO hard mask layer 22 and other low-k materials such as upper low-k

dielectric layer 20.

It is noted that under the teachings of the present invention, (1) just an
SRO etch stop layer 18 may be formed for dual damascene interconnect formation,
(2) just an SRO hard mask layer 22 may be formed; or (3) both an SRO etch stop
layer 18 and an SRO hard mask layer 22 may be formed for dual damascene

interconnect formation as shown in the figures.

10




Dielectric barrier layer 11 is also patterned to expose at |east a portion
of . conductive structures 12 as shown in Fig. 2. For exanpl ¢ 7centrahs via
opening 25 is formed through the upper and |ower dielectric |ayers 20, 16.
If only via openings 25 were fornmed, then SRO etch stop layer 18 could be
omtted, hence upper and |ower dielectric layers 20, 16 could be a single
dielectric layer with an overlying SRO hard mask | ayer 22. Via openings 25
need not be forned central to other openings, such as dual danmascene
openings 28, and may be the only opening forned, just as dual damascene

openings%éﬁ%ﬁﬁggofﬂ- epgné?BgEggﬂQ§§§iI}gegqx}ﬁgntral via opening 25 and
may be t Tﬂﬂgﬁ . 7T Formati on of Planarized
Dual Damascene Structures 36 and Via Structures 38 As shown in Fig. 3,

photoresi st layer 30 is renoved as necessary, and: planarized netal dual

damascene struct urgs sBéwar @ Fir @%@W%gémaﬁ&%w@ﬁﬂﬂé@ﬂ@ laPRENONGS 228, and
a planarized via structure, or plug, is formed within central via

openi ng g&tbyedebHods: @adExprgdessiesoponovgs 147 26hendatdenciBapeniegs (6t @hi ayer s
32 my be first formed within the dual damascene openings 28 and barrier
met al | ap@itiay shemin beFigsr 3anflot)mstensi tihiapenhgsc¥nendlthy respegerd rgndb as
shown in Fig. 3, Planarized metal structures 36, 38 are preferably

conpr i sePPBINEHEHePmPries duah damascane R epIngsHySBEHY WY BATHBIYENOAT) itand ar e

more pr eﬁi%rs.afgl)(d g)()lﬂgrﬂlles Foqﬂmation of dual damascene openings 28, SRO etch stop layer

18 is used as an etch stop layer only in the formation of trench openings 26.

As shown in Fig. 2, the upper and lower dielectric layers 20, 16 may

be patterned using patterned photoresist layer, for example.

Dielectric barrier layer 11 is also patterned to expose at least a portion

of conductive structures 12 as shown in Fig. 2.

For example, central via opening 25 is formed through the upper and
lower dielectric layers 20, 16. If only via openings 25 were formed, then SRQO etch
stop layer 18 could be omitted, hence upper and lower dielectric layers 20, 16 could
be a single dielectric layer with an overlying SRO hard mask layer 22. Via openings
25 need not be formed central to other openings, such as dual damascene openings
28, and may be the only opening formed, just as dual damascene openings 28 need
not be formed distal to any central via opening 25 and may be the only openings

formed.

11




.of copper. Advantages of the Invention The advantages of one or more

enbodi nents ‘of the present invention include: 1) fornatlonbofida gene
structures w thout masking footing or via poisoning issues; 2) re Ucti on
of the effective dielectric constant (k) of internetal dielectric (1 VD)

| ayers; 3) the SRO | ayers 18, 22 bl ock the noisture absorption by FSG or
low-k dielectric filns such as IMD | ayers; 4) the SRO | ayers 18, 22 bl ock
outgassing fromFSG or lowk dielectric filns such as IMD |layers; and 12 0
2;107 5) the SRO | ayers 18, 22 establish a sufficiently high etch

sel ect | Vb dn@ord 8f191§§ar19d DUt bag{a%&&@t!c&ctﬂfés ay H%a%?xdcﬂﬁ%e%%ﬁer s. While

parti cul ar trated and
described, it is not |ntended to limt the i nvention, except as defined by
the follow ng clains. 13 CLAIM

As shown in Fig. 3, photoresist layer 30 is removed as necessary, and:

planarizea metal dual damascene struciures 30 are formed within dual damascene
openings 28; and a planarized via structure, or plug, 38 is formed within central via
opening 25 by methods and processes known in the art. Barrier metal layers 32 may
be first formed within the dual damascene openings 28 and barrier metal layer 34

may be first formed within the central via opening 25 as shown in Fig. 3.

Planarized metal structures 36, 38 are preferably comprised of copper
(Cu), aluminum (Al), tungsten (W) or gold (Au) and are more preferably comprised

of copper.

Advantages of the Invention

The advantages of one or more embodiments of the present invention

include:

1) formation of damascene structures without masking footing or via
poisoning issues;

2) reduction of the effective dielectric constant (k) of intermetal dielectric
(IMD) layers;

3) the SRO layers 18, 22 block the moisture absorption by FSG or low-k
dielectric films such as IMD layers;

4) the SRO layers 18, 22 block outgassing from F5G or low-k dielectric films
such as IMD layers; and

12




W claim 1. A nethod of fabricating at | east one damascene openi ng,
conprising steps of: providing a structure having at Ieasd)j,-ongﬁe)gyp?sed
conductive structure; forming a dielectric barrier |ayer ‘over tHhe¥
structure and the at | east one exposed conductive structure; formng a
| ower I owk dielectric layer over the dielectric barrier layer; formng an
upper lowk dielectric |layer over the lower lowk dielectric |ayer;
formng: an SRO (silicon-rich oxide) hard mask | ayer upon the upper |owk
dielectric layer by either a) a reaction of TECS with OZ using a PE CVD
tool; or b) azy i ) i . i LS : ,
patterni ng at 5)I tglgs%?c?kﬁ E%g%? zgk’ﬁg\gﬂ%l\?\ggéfﬁlo%xﬁg’dlﬂgh% %{Q‘f% raés %g@q he
di el eCtrBPIOQ@-Jkrcii@l"ecﬂl'ﬁ“)’fﬁEnststcf\%%'TM[b'ﬁg@Ps.| east one danmascene opening
exposing at least a portion of the at |east one exposed conductive
structure, wherein the one SRO (silicon-rich oxide) hard nmask | ayer has a
hi gh etch selectivity relative to the | ower and upper lowk dielectric
| ayers. 14 C. 2. TWairephoduldr elabdinientehdr gienptdsenistinuctivnehi been
sem conduct or substrate; the at

illustrated and described, it is not intended to limit the invention, except as defined

by the following claims.




| east one exposed conductive structure is conprised of Cu, Al, Wor Au; and
the |Iower and upper lowk dielectric layers are formed of.inorganic | owk
materials, F- doped |lowk materials, C doped |owk mat eri af oriiofgani c
low-k materials. 3. The nmethod of claim1, wherein the structure is a

sem conductor silicon substrate; the at |east one exposed conductive
structure is conprised of Cu; and the |lower and upper lowk dielectric

| ayers are formed of F-doped |lowk nmaterials, Cdoped low k materials or
organic lowk materials. 4. The nethod of claim1, wherein the dielectric
barrier layer is fromabout 200 to 700A thick, the lower lowk dielectric
| ayer is fromabout 1500 to 6000A thick, the wupper lowk dielectric |ayer
is fromabout 2000 to 8000A thick afdAIMSSRO hard mask |layer forned is
from about 200 to 1000A thick. 5. The nethod of claim1, wherein the
dielectric barrier layer is fromabout 300 to 500A thick, the |ower |owk
dielectric layer is fromabout 2500 to 5000A thick, the wupper |owk

di el ectriWerks®i is from about 3000 to 6000AS thick, and the SRO hard mask
| ayer fornmed is fromabout 300 to 700A thick. 6. The nethod of claima1,
wherein any SRO etch stop |ayer and any SRO hard mask | ayer are each

oo ORI G RSO Ay 0% [ o
flow. from aboubyilfi & r2800: BEERE at RIa8ESW Sipdsb@BbABRMIvedthRtd®; TOr T,
forming a dielectric barrier layer over the structure and the at least one
exposed conductive structure;
forming a lower low-k dielectric layer over the dielectric barrier layer;
forming an upper low-k dielectric layer over the lower low-k dielectric layer;
forming:
an SRO (silicon-rich oxide) hard mask layer upon the upper low-k
dielectric layer
by either a) a reaction of TEOS with O, using a PE CVD tool; or b) a reaction of SiH,
with O, using an HDP CVD tool;
and
patterning at least the upper and lower low-k dielectric layers and the
dielectric barrier layer to form the at least one damascene opening exposing at least
a portion of the at least one exposed conductive structure, wherein the one SRO
(silicon-rich oxide) hard mask layer has a high etch selectivity relative to the lower

and upper low-k dielectric layers.
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15 07 (,:,, ; f. rtnt 7 tenperature: from about 300 to 450C, HF RF power:
fromabout 100 to 1200 W and LF RF power: from about 50 to 1000 W 7. The

method of claim1, wherein the SRO hard mask layer is fornmgdy underathe
fol l owi ng conditions using the PE CVD tool: TECS gas flow from aBout 100

to 1500 ngm OZ gas flow from about 100 to 1500 ngm He gas flow from
about 500 to 3000 seem pressure: fromabout 4 to 7 Torr; tenperature:
from about 350 to 400C, HF RF power: from about 200 to 700 W and LF RF
power: from about 70 to 500 W 8. The nethod of claim11, wherein the

di el ect r pcThap(dtesd bayam il swterh ithediraftust ¥ a scBhichhdiictsi GibBratd; ke aet hod
of claim1, wherein any SRO etch stop |ayer and any SRO hard mask | ayer
fornmed ehebt bay exposeelf cachiciiee istaerofis tompriabdwf i1, 521, V9 ok. &8; ardd the

met hod of fabricating at |east one damascene opening, conprising steps of:
provi di nipweersandioppeelomadidigedticllarss ash toragdodfdgorgmduioryienaterials: br e;

doped low-k materials, C-doped low-k materials or organic low-k materials.

3. The method of claim 1, wherein the structure is a semiconductor silicon substrate;
the at least one exposed conductive structure is comprised of Cu; and the lower and
upper low-k dielectric layers are formed of F-doped low-k materials, C-doped low-

k materials or organic low-k materials.

4. The method of claim 1, wherein the dielectric barrier layer is from about 200 to
700A thick, the lower low-k dielectric layer is from about 1500 to 6000A. thick, the
upper low-k dielectric layer is from about 2000 to 8000A thick and the SRO hard
mask layer formed is from about 200 to 1000A thick.

5. The method of claim 1, wherein the dielectric barrier layer is from about 300 to
500A thick, the lower low-k dielectric layer is from about 2500 to 50004 thick, the
upper low-k dielectric layer is from about 3000 to 6000A thick, and the SRO hard
mask layer formed is from about 300 to 700A thick.

6. The method of claim 1, wherein any SRO etch stop layer and any SRO hard mask
layer are each formed under the following conditions using the PE CVD tool:

TEQS gas flow: from about 50 to 2000 mgm;

O, gas flow: from about 50 to 2000 mgm;

He gas flow: from about 100 to 5000 sccmy;

pressure: from about 2 to 15 Tort;
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formng a dielectric barrier |ayer over the structure and the at |east one
exposed conductive structure; formng a lower lowk dielectric |ayer over
the dielectric barrier layer; 16 formng an SRO (silicon-gifchizoxide) etch
stop | ayer over the lower lowk dielectric layer by a) a reaction of TEOS
with 02 using a PE C/D tool; or b) a reaction of SiH4 with Q2 using the
HDP CVD tool; form ng an upper lowk dielectric |ayer over the SRO
(silicon-rich oxide) etch stop layer; formng an SRO (silicon-rich oxide)
hard mask | ayer upon the upper lowk dielectric |layer by a) the reaction
of TECS with fmpeahget flemRBoQVBO® b0450°0r b) the reaction of SiHA with O,
using the HDP CVD tool; and patterning at | east the upper and | ower |owk
dielectric | a?@rléljpoweﬁrfm’mwg’oat 104 OdNearthmascene openi ng exposi ng at

| east a portion of the at |east gne x8 ed conductive structure, wherein
the SRO (sili EBRIYPeHeHioHR FORHH t§t1§’8 &Zyer and the SRO (silicon-rich
oxi de) hard mask each have a high etch selectivity relative to the | ower
and upper lowk dielectric layers. 11. The nethod of claim 10, wherein the

oLt Ur g i, SRIHSHMAEL O, AR S U ol i ORISR e
upper | o%ﬂ%ﬂh%lc%ﬁﬁm&slmegrgheqr};acf\/(pj{&qi_ of inorganic lowk materials, F-

TEOS gas flow: from about 100 to 1500 mgm,;

0, gas flow: from about 100 to 1500 mgm;

He gas flow: from about 500 to 3000 sccmy;

pressure: from about 4 to 7 Torr;

temperature: from about 350 to 400°C;

HE RF power: from about 200 to 700 W; and

LF RF power: from about 70 to 500 W.

8. The method of claim 1, wherein the dielectric barrier layer is comprised of SiN,

SiON or SiC.

9. The method of claim 1, wherein any SRO etch stop layer and any SRO hard mask

layer formed each have a refractive index of from about 1.52 to 1.75.

10. A method of fabricating at least one damascene opening, comprising steps of:
providing a structure having at least one exposed conductive structure;
forming a dielectric barrier layer over the structure and the at least one

exposed conductive structure;

forming a lower low-k dielectric layer over the dielectric barrier layer;
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doped lowk materials, C-doped lowk materials or organic |owk materials.
12. The nethod of claim 10, wherein the structure is a sem;conductor,

silicon substrate; the at | east one exposed conductive st Fuct'ure 44
conprised of Cu; and the |ower and upper lowk dielectric |layers are
formed of F-doped lowk materials, C doped lowk materials or organic
lowk materials. 17 7 13. The nethod of claim 10, wherein the dielectric
barrier layer is fromabout 200 to 700A thick, the lower lowk dielectric
| ayer is from about 1500 to 6000A thick, the upper lowk dielectric |ayer
i s from about f2600gtan SBOD Milidvirekich ohdedREletstdp styep ovieaytbe lpwef dewrlabout
200 to 1000A thick and the SRO hard mask | ayer is from about 200 to 1000A
thick. 14ielaudc desaroey 69 acrechrn®f Widp eviihi®e vging) @t CThdeek &F Wager is

from about 300 tq . 500A thick, t | o | ow-k dielectric layer is from
about 256‘%?‘3{‘8“5)@3% ‘f"ﬁf‘ ,ustl%th%hfgﬁ)é’r&m%emi electric layer is from about
3000 to 6000A t hi.ck, the SRO et.ch. er 1s.fr K . 1Z00A
thick and t hefcgﬁbn hat'd “FEsk ngkegleﬁés& f &%f%bé‘ﬂ ! t@o@@ﬁ@%ﬁ?‘% égl.d% 5. The

met hod Ofetc‘l:lls@(%ﬂakgr' wherein the SRO etch stop | ayer and the SRO hard nask
| ayer are eac rmed under the followi ng conditions using the PE CVD tool:

;ESS ?Tgrsn f 1 owkorftiam A0IRO (BichR r2800ki A8)hardZm@as IdyledWpohr o ahutiondk t 0
dielectric layer by a) the reaction of TEOS with O, using the PE CVD tool; or b) the
reaction of SiH, with O, using the HDP CVD tool;
and

patterning at least the upper and lower low-k dielectric layers to form the at
least one damascene opening exposing at least a portion of the at least one exposed
conductive structure, wherein the SRO (silicon-rich oxide) etch stop layer and the

SRO (silicon-rich oxide) hard mask each have a high etch selectivity relative to the

lower and upper low-k dielectric layers.

11. The method of claim 10, wherein the structure is a semiconductor substrate; the
at least one exposed conductive structure is comprised of Cu, Al, W or Au; and the
lower and upper low-k dielectric layers are formed of inorganic low-k materials, F-

doped low-k materials, C-doped low-k materials or organic low-k materials.

12. The method of claim 10, wherein the structure is a semiconductor silicon
substrate; the at least one exposed conductive structure is comprised of Cu; and the
lower and upper low-k dielectric layers are formed of F-doped low-k materials, C-

doped low-k materials or organic low-k materials.
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He gas flow from about 100 to 5000 seem pressure: fromabout 2 to 15
Torr; tenperature: from about 300 to 450C, HF RF power: fro%;gﬁpyt 100 to
t b

1200 W and LF RF power: from about 50 to 1000 W 16. The gd: ofilcl ai m

10, wherein the SRO etch stop layer and the SRO hard nask | ayer are each
formed under the follow ng conditions using the PE CVD tool: TECS gas
flow fromabout 100 to 1500 ngm 02 gas flow from about 100 to 1500 ngm
18 He gas flow from about 500 to 3000 seenm pressure: fromabout 4 to 7
Torr; tenperature: from about 350 to 400C, HF RF power: from about 200 to
700 W aid ThermRfhqbekeclaint 10 mvherein teodielecsitbantied fayeT keefromt dhodt 300 ¢¢ ai m
10, wherein,the SRO etch stop |ayer and the SRO hard mask |ayer have an
ref ract i V804 ilisk, Bte omesm lawolcialedric dayer iy from gbowd h%iohf@cﬁ@ﬂﬁf B ¢agi ng at

| | AN 2t AR

o o ererTSoSeieBRER Bies PR ShaR IHERS, oA RIS BRcPrishitne,

formng 2.5l BSH{ Lo tPdd' 1008 Hhi RVl ESSIRS TaF QMUK B SRR h AR PN the
200 to 1000A thick.

14. The method of claim 10, wherein the dielectric barrier layer is from about 300 to
500A thick, the lower low-k dielectric layer is from about 2500 to 5000A thick, the
upper low-k dielectric layer is from about 3000 to 6000A thick, the SRO etch stop
layer is from about 300 to 700A thick and the SRO hard mask layer is from about
300 to 700A thick.

15. The method of claim 10, wherein the SRO etch stop layer and the SRO hard
mask layer are each formed under the following conditions using the PE CVD tool:

TEOS gas flow: from about 50 to 2000 mgm;

O, gas flow: from about 50 to 2000 mgm;

He gas flow: from about 100 to 5000 sccm;

pressure: from about 2 to 15 Torz;

temperature: from about 300 to 450°C;

HF RF power: from about 100 to 1200 W; and

LF RF power: from about 50 to 1000 W.

16. The method of claim 10, wherein the SRO etch stop layer and the SRO hard
mask layer are each formed under the following conditions using the PE CVD tool:
TEOS gas flow: from about 100 to 1500 mgm;

0, gas flow: from about 100 to 1500 mgm;
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| east one exposed copper structure; formng a lower lowk dielectric |ayer
over the dielectric barrier layer; formng an SRO (silicon-rich oxide)
etch stop layer over the lower lowk dielectric layer wherein. the %RO
(silicon-rich oxide) etch stop layer being fornmed by a) a“reacti 6/ of TEOS
with O2 using a PE C/D tool; or b) a reaction of SSH4 wwth OZ using an HDP
CVD tool; formng an upper lowk dielectric |ayer over the SRO
(silicon-rich oxide) etch stop layer; formng an SRO (silicon-rich oxide)
hard mask | ayer upon the upper lowk dielectric |ayer wherein the SRO
(silicon-richiexgadlovhdranmbekt ba/er3068isngnf ormed by a) the reaction of
TEOCS with Q2 using the PE CVD tool; or b) the reaction of SiHL with O

usi ng t he HDPPC¥BL®EIOM abpRitioto7 Terat t erning at | east the upper and | ower

| ow-k dielectric layers to form é{}e %iool east one damascene openi ng exposi ng
at |east a por¥rBrragfret Hamabquizst (¥ txposed copper structure, wherein

the SRO (sil L@Rgiggﬂveﬁxfirg&)aﬁugEoi%ogﬁools‘@?’(g{}?and the SRO (silicon-rich

oxi de) hard ave a ivity relative to the | ower

and upper Io%@ﬂgéﬁg;.@}&nla%&r tolfho WWhe nethod of claim 18, wherein the
| ower and upper 1o dielectric layers are
17. The method of claim 10, wherein the SRO etch stop layer and the SRO hard

mask layer have an refractive index of from about 1.52 to 1.75.

18. A method of fabricating at least one damascene opening, comprising steps of:

providing a semiconductor substrate having at least one exposed copper
structure;

forming a dielectric barrier layer over the semiconductor substrate and the at
least one exposed copper structure;

forming a lower low-k dielectric layer over the dielectric barrier layer;

forming an SRO (silicon-rich oxide) etch stop layer over the lower low-k
dielectric layer wherein the SRO (silicon-rich oxide) etch stop layer being formed by
a) a reaction of TEOS with O, using a PE CVD tool; or b) a reaction of SiH, with O,
using an HDP CVD tool;

forming an upper low-k dielectric layer over the SRO (silicon-rich oxide)
etch stop layer;

forming an SRO (silicon-rich oxide) hard mask layer upon the upper low-k
dielectric layer wherein the SRO (silicon-rich oxide) hard mask layer being formed
by a) the reaction of TEOS with O, using the PE CVD tool; or b) the reaction of SiH,
with O, using the HDP CVD tool;

and
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formed of inorganic lowk materials, F-doped |owk materials, C doped | owk
materials or organic lowk materials. 20. The nethod of claim 18, V\/nerei n
the dielectric barrier layer is fromabout 200 to 700A thi k“g i he b owe

|l ow-k dielectric layer is fromabout 1500 to 6000A thick, t uppé‘f I ow Kk
dielectric layer is fromabout 2000 to 8000A thick, the SRO etch stop

| ayer is fromabout 200 to 1000A thick and the SRO hard mask | ayer is from
about 200 to 1000A thick. 21. The method of claim 18, wherein the
dielectric barrier layer is fromabout 300 to 500A thick, the |ower |owk
di el ectric | apetteirsng abteaatbttbtatu;gm&ntidoﬁ@ﬁ&Mtﬁtdl@lectrtmlayewpefﬂrmdhﬁ lat
dielectric layer is fromabout 3000 to 6000A thick, the SRO etch sto

| ayer i sldasbaneBenasaog QR@HIFWH%Htg@talﬁﬁﬁftaﬁ@fSRGqﬁélﬂ%lah’ﬁ@’k‘f QEyRPOoped f r om

about 300 to 700A thi k 22 hod 8, wherein t tch
stop | ayé?PIa‘?Foth‘l’*Féu@RU Wé?‘& thﬁ;'g& EE{)%QH'Q ’ngﬁ? %‘rsﬁ‘éﬁl thr?H:S‘Pdt E‘@Sﬁ% gvmpng
condl tions,.using.the TECS S t 000

o RSB SRR A b8 ans bdos M bekh Sleq i H AR o halSwEP O

about 1ngggg%%?goﬁgﬁ%gleg&ﬁslﬁ%& from about 2 to 15 Torr; terrper ature:

from abou

19. The method of claim 18, wherein the lower and upper low-k dielectric layers are
formed of inorganic low-k materials, F-doped low-k materials, C-doped low-k

matetials or organic low-k materials.

20. The method of claim 18, wherein the dielectric barrier layer is from about 200 to
700A thick, the lower low-k dielectric layer is from about 1500 to 6000A thick, the
upper low-k dielectric layer is from about 2000 to 8000A thick, the SRO etch stop
layer is from about 200 to 1000A thick and the SRO hard mask layer is from about
200 to 10004 thick.

21. The method of claim 18, wherein the dielectric barrier layer is from about 300 to
500A thick, the lower low-k dielectric layer is from about 2500 to 5000A thick, the
upper low-k dielectric layer is from about 3000 to 6000A thick, the SRO etch stop
layer is from about 300 to 700A thick and the SRO hard mask layer is from about
300 to 700A thick.

22. The method of claim 18, wherein the SRO etch stop layer and the SRO hard
mask layer are each formed under the following conditions using the PE CVD tool:
TEOS gas flow: from about 50 to 2000 mgm;

O, gas flow: from about 50 to 2000 mgm;
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HF RF power: from about 100 to 1200 W and LF RF power: from about 50 to
1000 W 23. The nethod of claim 18, wherein the SRO etch stop | ayer and the
SRO hard mask layer are each formed under the follow ng condi it—;;:l’gd_t,?T‘ESJE}?JSi ng

the PE CVD tool: TECS gas flow fromabout 100 to 1500 ngni O2 gas fl ow

fromabout 100 to 1500 ngm He gas flow from about 500 to 3000 seem
pressure: fromabout 4 to 7 Torr; tenperature: from about 350 to 400C, HF
RF power: from about 200 to 700 W and LF RF power: from about 70 to 500
W 24. The nethod of claim 18, wherein the SRO etch stop later and the SRO
hard F mask Hayes fhawdramrebnabil toedlidddesm,of from about 1.52 to 1.75. 25.
The nmethod of claim 18, including a step of form ng at | east one planarized
met al damascepeesstrenboor ebatt2iordSteriat | east one dammscene opening. 26.
The net hod of claim 18, includi n& a %)t(g of form ng at | east one planarized
copper damascErPEarst ira ahorh PR th Oa&least one damascene opening. 21 7

07 ; 3 0.27.,.The nethod, of i aa Wh in the at | t
dangscezeropehﬁ:n%l: P§%§g§ﬁ%?l ab%&ﬁé@@@%@ggh@%?l gnd ?ngl ud?ﬁ; aogt(:aep of
forming at |epstyong, Bl 23k hg&d 8bLA000 w.

23. The method of claim 18, wherein the SRO etch stop layer and the SRO hard
mask layer are each formed under the following conditions using the PE CVD tool:

TEOS gas flow: from about 100 to 1500 mgm;

0, gas flow: from about 100 to 1500 mgm;

He gas flow: from about 500 to 3000 scem;

pressure: from about 4 to 7 Torr;

temperature: from about 350 to 400°C;

HF RF power: from about 200 to 700 W; and

LF RF power: from about 70 to 500 W.

24. The method of claim 18, wherein the SRO etch stop later and the SRO hard

mask layer have a refractive index of from about 1.52 to 1.75.

25. The method of claim 18, including a step of forming at least one planarized

metal damascene structure within the at least one damascene opening,.

26. The method of claim 18, including a step of forming at least one planarized

copper damascene structure within the at least one damascene opening.
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dual damascene structure within the at |east one dual damascene opening. 22
07 AR 2007

27. The method of claim 18, wherein the at least one damascene opening is a dual
damascene opening; and including a step of forming at least one planarized metal

dual damascene structure within the at least one dual damascene opening.
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