| MPROVEMENT OF Si OC PROPERTIES AND I TS UNI FORM TY | N BULK FOR DAMASCENE
APPLI CATI ONS FI ELD OF THE | NVENTI ON The present invention rel ates
generally to sem conductor fabrication and nore specifically to formation
of SiOC dielectric layers. 1 BACKGROUND OF THE | NVENTI ON Chemi cal vapor
deposition (CVD) lowk dielectric materials with good nechani cal and

el ectrical strengths are in demand for damascene applications U S. Patent
"No. 6,372,661 Bl to Lin et al. describes SiOC filns and post treatnents.
"U S. Patent. No. 6,348,407 to Cupta.et al. describes a plasnma treatnent of
a lowk layer and an etch stop layer in a dual damascene process. U. S.
Patent No. 6,323,125 Bl to Soo et al. describes a plasnma treatnent and
PPVSO | ayer in a dual.danascene process. U. S. Patent No. 6,323,121 .Bl to
Liu et al. describes a dual damascene process with etch stops and a pl asna
treatnent. 2 SUMVARY OF THE | NVENTI ON

IMPROVEMENT OF SiOC PROPERTIES AND ITS UNIFORMITY IN BULK

FOR DAMASCENE APPLICATIONS
FIELD OF THE INVENTION

The present inverition relates generally to semiconductor fabrication

and more specifically to formation of SiOC dielectric layers.



Accordingly, it is an. object of one or nore enbodi nents of the present

i nvention to provide an nmethod of inproving the properties of SiOC
dielectric material layers. It is another object of the present invention
to provide a nethod of formng an enbedded hard | ayer within an Si OC
“dielectric material |ayer J ) hereby. Ot her objects
wi || appear herei naft eBA NELWOEJAEE INVERMEEY  hat "t he above and
other objects of the present invention may be acconplished in the

foll owi ng manner. Specifically, a first dielectric material sub-layer is

formed over a subsgirate. The first. die I C terial. sup-layer..s
treated with an' eh@eBycals P%@%&‘ﬁﬁis A%‘?’{E ?}e%ema%glﬁémﬁtbper
surface of the first .dieglectric terial sub-l.ayer. A second,.di.electric
at er | aB00% mehaEl and elegRrale SR e ThARNBRE 4O SRR RR SPEPIFHORS 1 1 ot
di el ectric sub-layer, the hardened |ayer and the second dielectric
sub-l ayer conprise the lowk dielectric material |ayer. And a dual

BRI £ DESCRI PTI GG HR IR s B IR 2R gy e

cl earl understood fromthe
ytreatments.

'U.S. Pateiit No. 6,348,407 10 Gupta et al. describes a plasma treatment

of 2 low-k layer and an etch stop layer in a dual damascene process.

U.S. Patent No. 6,323,125 B1 to Soo et al. describes a plésma treatment

and PPMSO layer in a dual damascene process.

US. Patent No. 6,323,121 B1 to Liu et al. describes a dual damascene

process with etch stops and a plasma treatment.



foll ow ng description taken in conjunction with the acconpanying draw ngs
in which like reference nunerals designate simlar or correspondi ng

el enents, regions and portions and in which: Figs.1l to 6 schematically
illustrate a first preferred enbodi nent of the present invention. Fig. 7
‘'schematically illustrates a second preferred enbodi-nent of the present

i nvention. 4 DETAl LED DESEMMARY QF THE INK |

Enbodi ment -Figs.1l Through 6 Initial Structure - Fig.1 As shown in Fig. 1,
structure 10 is preferably a silicon (Si), germanium (CGe) or gallium
arseni de (GaAs) substrate, is nore preferably a silicon substrate.
Structure 10 is uddePmERgly itois R ebibrly of rneauge mose mrepdimanss clafhe or
substrate, active and passive devices formed within the wafer or

subst r at Breseniyenfive tp yrevide amdnethedeelt improvage rihe (Rropertienér3ipl y oxi de
(PO, internetal dielectric (IMD), etc.) formed over the wafer surface.
The t er niltelegiricapaigtiaklayerst ruct ure” is meant to include devices forned

wi thin a sem conductor wafer and the layers overlying the wafer.

It is another object of the present invention to provide a method of
forming an embedded hard layer within an SiOC dielectric material layer, and

structures formed thereby.
Other objects will appear hereinafter.

It has now been discovered that the above and other objécts of the
present invention may be accomplished in the following manner. Specifically, a first
dielectric material sub-layer is formed over a substrate. The first dielectric material
sub;layer is treated with an energy treatment to form a hardened léyer on the
upper surface of the first dielectric material sﬁb~1ayer. A second dielectric material
sub-layer is formed over the hardened layer, wherein the first dielectric‘_. sub-layer,
the hardened layer and the second dieleciric sub-layer comprise the lov\;-k dielectric
material layer. And a dual damascene structure and a dielectric material structure

formed thereby.



As described below, a dielectric layer 24 to be fornmed over the structure

10 will have a total thickness of 12 and will have a trench fornmed therein

at thickness 14. Dielectric layer 24 is preferably a lowk dielectric

| ayer, i.e. having a dielectric constant (k) of |ess than about 3.0.
Dielectric |layer 24 ngé bgi for &XE’L I lan internetal dielectric (1MD)

| ayer. The depositio E =+ M—I’lﬁﬂ%&&%@d to provide the
hydrogen treatnent 18 and then started to conplete formation of dielectric
| ayer 24. 5 Formation of Lower Dielectric Sub-Layer-16 to a Thi ckness 14 As
shown in Fig. 2, | ower dielectric | ayer of di.el ect |cIa er IS
formed over struct eprfﬁmil H&f@ﬁf’ekwﬁﬁgemoa&t C\}ﬁﬂﬂé’hu&dﬁ ey lkf'e forrred
above t.hi ckness. 14, .Lower di.electric,sub-layer 16 is preferably

conpr | selpigpi G FRER AP FABYRGHON: Wity tac(cRPP&PYHFE’efjé?‘éTH}%? £t om

about 2. 3.t rmre r ef er abl aom.about 2

orof er ab}@l%*rtﬁafsﬁer?ﬁfg %%fa (s Bslpmald BT Gilortisgondin demas; Heges

pur poses_h J‘ter i OC dielectric sub-layer 16 is preferably forned
by a che?ﬁ“i 05‘558‘#“6‘6’ @itl on (CVD) process using the follow ng
paraneters: tenperature: preferably from about 250 to 450C and nore

preferably from about -300to 400C; ,
Figs. 1 to 6 schematically illustrate a first preferred embodiment of the

present invention.

Fig. 7 schematically illustrates a second preferred embodiment of the

present invention.
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pressure: preferably fromabout 4.5 to 6.5 mlorr and nore preferably from
about 5.0 to 6.0 nlorr; tine: preferably fromabout 40 to 60 seconds and
nore preferably from about 45 to 55 seconds (dependi ng upon how nuch
thickness is desired to be deposited); and power : preferably from about
1500 to 3000 Wand nore preferably from about 1800 to 2700 W 6 Energy
Treatnent 18 to Inprove FilmProperties and to Form Hard Layer 20 As shown
in Fig. 3, the CVD deposition process is stopped and lower SiOC dielectric
sub-l ayer 16 DETAIBEBECDERCRIPEHONTQF FHE PREFERRED EMBODIMENE the film
properties of lower SiOC dielectric sub-layer 16 and to convert an upper
portion of |lower SiOC dielectric sub-layer 16 to hard | ayer 20, Hard | ayer
20 has a thlckness 14 of preferably from about 250 to 500A and nore

e et - Big6. & bhviRgrh 6The t hi ckness 14 of |ower SiOC
dlelectrlc sub- Iayer 16 denotes the | ower depth to. which a subsequent
trench will be formed within SiOC dielectric |ayer 24. The inproved film
properties of |lower SiOC dielectric sub-layer 16 include |owering the
di el ect r InitigdSisxchme -Figd 1 i nprovi ng mechani cal properties such

As shown in Fig, 1, structure 10 is preferably a silicon (5i), germanium
(Ge) or gallium arsenide (GaAs) substrate, is more preferably a silicon substrate.
Structure 10 is undérstood to possibly include a semiconductor wafer or substrate,
active and passive devices formed within the wafer or substrate, conductive layers -
and dielectric layers (e.g., inter-poly oxide (IPO), intermetal dielectric (IMP), etc.)
formed over the wafer surface. The term “semiconductor structure” is meant to
include devices formed wiﬂﬁn a semiconductor wafer and the layers overlying the

wafer.

As described below, a dielectric layer 24 to be formed over the
structure 10 will have a total thickness of 12 and will have a trench formed therein
at thickness 14. Dielectric layer 24 is preferably a low-k dielectric layer, i.e. having a

dielectric constant (k) of less than about 3.0.

Dielectric layer 24 may be, for example, an intermetal dielectric (IMD)
layer. The deposition of dielectric layer 24 is stopped to provide the hydrogen

~ treatment 18 and then started to complete formation of dielectric layer 24.



as hardness, Young nodul us, peeling strength and Stress Mgration (SM and
I nproving electrical properties such as the breakdown, voltage, |eakage
current density and Ti ne-Dependent Dielectric Breakdown (TDDB) Fail ure.
Energy treatnent 18 is preferably a hydrogen treatnment, as will be used
Tor purposes of illustration hereafter, and may be perforned in situ or ex
situ in a separate chanber and is nore preferably perforned ex-site
because of different tenperature between deposition and treatnent

chanber s FEommadioty efdcowerlgigiestriv SubRLiver A6 ¢6 aThidkpess 3 asna t r eat nent
conprising under the following conditions: H2 flow fromabout 1600 to
2400 sccm and nore preferably from about 1800 to 2200 sccm tenperature:
preferably from about .300 to 450C and nore preferably from about 350 to
400C; pressure: pr&gghoam in Figolnadooer diglestricsub-layediidr of dielecirirlaypr 24 er abl y
from about. 6.0 to 7.5 niforr; tine: preferably fromabout 30 to 240 seconds
and nor eisfoaned apenstructie Qo atthisbness 1420 whéctom trepclamdll peiermed pbefer abl y

. from about, 30D to 1500 Wand nore preferably from
this thickness 14. Lower dielectric sub-layer 16 is preferably comprised of SiOC

having a dielectric constant (k) of preferably from about 2.3 to 2.6, more preferably
from about 2.4 to 2.6 and most preferably greater than about 2.3 as will be used for

illustrative purposes hereafter.

Lower SiOC di;electz'ic sub-layer 16 is preferably formed by a chemical
vapor deposition (CVD) process using the following parameters:
temperature: preferably from about 250 to 450°C and more pfeferably from
about 300to 400°C; |
pressure: preferably from about 4.5 t0-6.5 mTorr and more preferably from
about 5.0 to 6.0 mTorr;
time: preferably f1:om about 40 to 60 seconds and more preferably from
about 45 to 55 seconds (depéndjng Vupon how much thickness is desired to be
deposited); and ‘
| power : preferably from about 1500 to 3000 W and more preferably from
about 1800 to 2700 W.



about 600 to 1200W Formation of Upper Dielectric Sub Layer 22 As shown in
Fig. 4, an upper dielectric sub-layer 22 is formed over hard layer 20 to a
t hi ckness of preferably from about 2000 to 3000A and nore preferably from
about 2200 to 280CA to conplete formation of dielectric |ayer 24 having
enbedded hard | ayer 20 fornmed therein. Upper dielectric sub-layer 22 is

~ pr ef er ablphef8 e SOt 98 t@%ﬂggdl%\/ﬁiﬁﬁf&o%rﬁbﬁﬁﬁdit&F@ﬁﬂHa&ﬂfLi\ﬁ}g 20f from about
2.3 to 2.6, nore preferably fromabout 2.4 to 2.6 and nost preferably
greater than about 2.3 as will be used for illustrative purposes hereafter.

8 Upper SiOC dielectric sub-layer 22 is preferably forned by a chem cal

vapor deposi tion (A3dBowai BCEgS3, the VD Riepbsitibepira@spar aopped andtieweer at ur e:
preferably from about 250 to 450C and nore preferably from about 300 to

400G, pr sg80eelegichitt-apby 16 tsosubidreed tolad ehergh. treatiient 18nd imprevertké er abl y
from about 5.0 to 6.0 nforr; tine: preferably fromabout 40 to 60 seconds
and nor e fidhepepaltley dfr werabiQl dddedtic shb-deEentds andnd povwesrt :arprgdper abl y
from about 1500 to 3000 Wand nore preferably from

portion of lower 5i0C dielectric sub-layer 16 to hard layer 20

Hard -léyer 20 has a thickness 14 of preferably from about 250 to 5004
and more preferably from about 350 to 450A. The thickness 14 of lower SIOC
dielectric sub-layer 16 denotes the lower depth to which a subsequent trench will be

formed within SiOC dielectric layer 24.

The improved film properties of lower SiOC dielectric sub-layer 16
include lowering the dielectric constant (k), irnprovihg mechanical properties such
as hardness, Young modulus, peeling strength and Stress Migration (SM) and
improving electrical properties such as the breakdown voltage, leakage current
density and Time-Dependent Dielectric Breakdown (TDDB) Failure.

Energy treatment 18 is preferably a hydrogen treatment, as will be
used for purposes of illustration hereafter, and may be performed in siti1 or ex situ
in a separate chamber and -is more preferably performed ex-site because of

different temperature between deposition and treatment chambers.



about 1800 to 2700 W Formati on of Dual Damascene Opening 34 As shown in
Figs. 5 and 6 the structure of Fig. 4 may be utilized in the formation of
a damascene or dual damascene opening 34 as shown in Fig. 6 wherein hard
| ayer 20 may function as an etch stop layer in the formation of trench
- opening 32 as described below. Hard |layer 20 may function as an etch stop
| ayer by havi ng Hydmgen tedatihentl® id prafertbly adlaamenteatinenecbmiprising- | ayers
16, 22 and/or by an endpoint signal change. As shown in Fig. 5, dielectric
| ayer 24nter thatfvolowieg coaditiotsm a via opening 28 exposing a portion 29 of
structure 10. Dielectric layer 24 may be patterned using, for exanple, an
overlyi ng fiHsflopattoss akoltisek td 2408rsc@® andamonmyrefdreblycmpmi abeait dB00 f or
exanpl e, photoresist as shown in Fig. 5. 9 For exanple, using first
pat t er nésl22skcthayer 26, upper SiOC dielectric sub-layer 22, hard |ayer 20
and lower SiOC dielectric sub-layer 16 are patterned to formvia opening
28 t her et hr otepper&furetprpferatdy Mo ahekt 308ytor450%C jasd morenpraferobltiizam t he
structure nmay be cleaned. As shown in Fig. 6, using patterned hard | ayer
20' as Ahoet 350 tet40p°C;l ayer, upper patterned Si OC dielectric sub-layer 22
I's again patterned to form X
’ pressure: preferably from about 4.5 to 9.0 mTorr and more preferably from

about 6.0 to 7.5 mTorr;
 time: pféferably from about 30 to 240 seconds and more preferably from
about 90 to 180 seconds; and
power : preferably from about 300 to 1500 W and more preferably from
about 600 to 1200W: '

Eormation of Upper Dielectric Sub-Layer 22

As shown in Fig. 4, an upper dielectric sub-layer 22 is formed over
hard layer 20 to a thickness of preferably from about 2000 to 3000A and more
preferably from about 2200 to 2800A to complete formation of dielectric layer 24
having embedded hard layer 20 formed therein. Upper dielectric sub-layer 22 is
preferably comprised of SiOC having a dielectric constant (k) of from about 2.3 to
2.6, more preferably from about 2.4 to 2.6 and most preferably g-l;eater than about

2.3 as will be used for illustrative purposes hereafter.



trench opening 32 over reduced via opening 28 exposing portions 33 of hard
| ayer 20'. Upper patterned Si OC dielectric sub-layer 22' nmay be patterned
using, for exanple, an overlying second patterned nask |ayer 30 that may
be conprised of, for exanple, photoresist as shown in Fig. 6. Second
patterned mask | ayer -30 may then be renoved and the structure nmay be
cl eaned. The upper Upger 8iKedieBicdf stibelpypen 22 ie pseforably éorn@al biyeey cherpicdl may
then be subjected to another hydrogen treatnment 18 to further inprove the
film proyrnoeidepositive (F¥D) praressusing éhafofewingparanpfersow- k whi ch can serve
as a capped layer. A dual damascene structure &not shown) may then be
f or med "wi t hi n te@heratargnprafenablyofsemi ahpug 250 ta 450 Crastdethors girefesaldyt fiiam one
etch stop | ayer 20 may- be formed enbedded within SiOC dielectric |ayer 24
by perfor#h%%@’@rﬁ@éé; treatnents 18 at 10 varying thicknesses during the’
formation of SiOC dielectric |ayer 24 in accordance wth the teachings of
the present i fFesstre prefeembdnfronpoeitfehto 6.5angorramsmeire\prefesaldygfrom i f a
dielectric . layer 124 to be fornmed will not include one or nore etch stop
| ayer (s), kst tp18ed mTerwctric constant (k) of the
time: preferably from about 40 to 60 seconds and more preferably from
about 45 to 55 seconds; and
power : preferably from about 1500 to 3000 W and more preferably from
about 1800 to 2700 W.

Formation of Dual Damascene Opening 34

As shown in Figs. 5 and 6 the structure of Fig. 4 may be utilized in the
formation of a damascene or dual damascene opening 34 as shown in Fig. 6
wherein hard layer 20 may function as an etch étop layef in the formation of trench
opening 32 as described below. Hard léyer 20 may fuﬁction as an etch stop layer by
having a lower etch rate than the adjacent dielectric sub-layers 16, 22 apd/or by an
endpoint signal chénge.

As shown in Fig. 5, dielectric layer 24 is patterned to form a via
opening 28 exposing a portion 29 of structure 10. Dielectric layer 24 may be
patterned using, for example, an overlying first paﬁemed mask layer 26 that may

be comprised of, for example, photoresist as shown in Fig. 5.



dielectric layer as initially formed is greater than about 2.8, then

mul tiple hydrogen treatnents 18 may be enpl oyed to further enhance, and

i nprove the uniformty of, the filmproperties of dielectric layer 124 and
to formnunerous hard layers 112, 116, 120 enbedded within dielectric

| ayer .124. In the case of a dielectric layer 124 having a dielectric
constant greater than about 2.8 as initially forned, the dielectric

constant is not -n cessarll i nt en t o, be rqved t hrough the of the
mul t1 pl'e | hydr ogenTOF ceHbRILS RBE B Rdtened %@felfzar- SFEPET BEY: a

| ow- k diel.ectr.ic havi |eIe nsta | ess t han
about 3. Oéle@StF ék‘gﬂ%}'% 22a§1a§‘?13 ﬂ]gﬁ‘%q Btﬁﬁcaﬂé’ W&F(}&eﬁm
treatnments 8 be- conduct e |on of lectric |ayer
104 at o rretienel B orgh v fafig ps] et %ﬁf%ﬂé@%@@?% Rk doRet Byer &
110, 114 and _118. The | el ect sub layer 122 is not subjected to
hydr ogen ?‘F%é?rﬁ%mdﬁ%dg’g&%gﬁeq‘?}é ?dszm? e upper layer of |ow -k can,
serve as a CM' capped | ayer, and doesn't need to be further treated. 11
Each respective hydrogen treatnment 18 is conducted under anal ogous

diti hyd d ' ' f b h
el ectric 1ayer 129 Sou BLR & S8s BaLtinss 1yl _@aYﬁoiﬂ‘ B Y
pr ef er abl IX% %Fp'e? %%ﬁ%ﬁne%' %@Sdlyeémc s%blﬁ}%jr Efrls aglaﬂ? § r@tte{'r\{e% RE fo2at >

her eaft er

trench opening 32 over reduced via opening 28' exposing portions 33 of hard 1ayé_r
20'. Upper péttemed SiOC dielectric sub-layer 22' may be patterned using, for
example, an overlying second patterned mask layer 30 that may be comprised of,
for example, photoresist as shown in Fig. 6. Second pa&emed mask layer 30 may

then be removed and the structure may be cleaned.

The upper patterned S5iOC dielectric sub-layer 22" /layer 24" inay then
be subje.cted to another hydrogen treatment 18 to further impréve the film
properties. The I-i[,2 treat at the upper léyer of low-k which can serve as a capped

layer.

. Adual damascene structure (not shown) may then be formed within

dual damascene 6peniﬁg 34,

It is noted that more than one etch stop layer 20 may be formed

embedded within SiOC dielectric layer 24 by performing hydrogen treatments 18 at
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may have varying dielectric constants (k) of fromabout 2.3 to 2.6, from
about 2.4 to 2.6 and greater than about 2.8, for exanple. As shown in Fig.
7, structure 10 is preferably a silicon (Si), germanium (Ge) or gallium
arseni de (GaAs) substrate, is nore preferably a silicon substrate.

Structure,_10 is. understood tq possibly inglude a senm conductor wafer or
subst r at Sf,ary“é% ?Wg“%?ﬁ?f TRy 3@“— %émaé?@@ ‘#cﬁ@gdfi‘ﬂeﬂﬁ%c AaY$re24niaf agcordaaseiuct i ve
| ayers and..-dielectric ayers (e.g., inter-poly oxide (IPO, intermnetal
di el ectr?‘%ﬂt%‘,&% ?C%ﬁ%.%ft#%ﬁﬁéanwg?n He wafer surface. The term

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

sem conduct or wafer and the |ayers overlying the wafer. As taught in the

first emg;%gi ﬁtl b.owe‘r Ei z dielectric sub-layer 110 having a thickness
104 is f c 100 and is then subjected to a hydrogen
treatnment 18 to enhance, and inprove the uniformty of, the film
properties of the lower Si OC dielectric sub-layer 110 and which forns | ower
hard | ayer 112. M dlﬁ Si QC ielze tric sclél_b-l ayer_114 having a thickness
106, minus thi ckrd3&§'9%% FdiBofnilf SO IRYerh4tq Rpeformed il no§ t hen

oub] o0 oot AL L TR % LRSS B! Bt M v
forms m %I@cﬁt}@fagrei' stig{ﬁah%QDrmed is greater than about 2.8, then multiple hydrogen
treatiments 18 may be employed to further enhance, and improve the uniformiiy
of, the film properties of dielectric layer 124 and to form numerous hard layers 112,
116, 120 embedded within dielectric layer 124. In the case of a dielectric layer 124
having a dielectric constant greater than about 2.8 as initially formed, the dielectric
constant is not necessarily intended to be in1f>roved through the use. of the multiple
hydrogen treatments 18. Dielectric layer 124 is preferably a low-k dielectric layer,

i.e. having a dielectric constant (k) of less than about 3.0.

For example, as shown in Fig. 7, three separate hydrogen treatments
18 may be condﬁcted during the depdsition of dielectric layer 124 at thicknesses 104,
106 and 108 of respective dielectric sub-layers 110, 114 and 118. The upper dielectric
sub-layer 122 is not subjected to hydrogen treatment 18 as the H, treat at the upper

Iayer of low-k can serve as a CMP capped layer, and doesn’t need to be further

treated.
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Upper Si OC dielectric sub-layer 118 having a thickness 108 m nus thickness
106 is fornmed over mddle hard layer 116 and is then subjected to a
hydrogen treatnment 18 to enhance, and inprove the uniformty of, the film
properties of the upper dielectric sub-layer 118 and which forns upper hard

'Pf‘%ﬁé "Thi ckness 1 %ch.sr:g?fe A e e R e
thi ckness 168 1SSH “har™ 0 WA Ch“Conpt
- | ayer o0k PR ek Y e R AR S, % S ot et

although Fig. 7 illustrates SiOC dielectric |ayer 124 being conprised of
four SiOC dielectric sub layers with respective enbedded hard |ayers

i dielectric sub layers with respectivi _ layers
thr e’ S GC di of oot P1E CURTCpEPE ff bt o BERPudtp IRV BOTRE PG, oY
th , _ ctrve entedded hard | o
R e R e e e i P L S T s
the Preseply LOVEMLON JilR ARVAAEAAES KDL ABR atfut TS £8P TS 29 1o he

| nY/en Cl ude:

pr esent I on-i
2.6 and greater than about 2.8, for example.

~ As shown in Fig. 7, structure 104 preferably a silicon (51), gerfmanium
(Ge) or gallium arsenide (GaAs) substrate, is more preferably a silicon substrate.
Structure 10 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 6xide (TPO), intermetal dielectric (IMD), etc.) formed over the
wafer surface. The term “semiconductor structure” is meant to inciude devices

formed within a semiconductor wafer and the layers overlyﬁ'.ng the wafer.

As taught in the first embodiment, Jower SiOC dielectric sub-layer 110
having a thickness 104 is formed over structure 100 and is then subjected to a
hydrogen treatment 18 to enhance, and improve the uniformity of, the film
properties of the lower SiOC dielectric sub-layer 110 and which forms lower hard
layer 112,

Middle SiOC dielectric sub-layer 114 having a thickness 106 minus

- thickness 104 is formed over lower hard layer 112 and is then subjected to a

12



1. the dielectric constant of the entire dielectric layer so forned is

I nproved; 2. the dielectric constant, select nechanical properties and
select electrical properties of the entire dielectric |layer so forned are
i nproved; 3. the uniformty of the dielectric constant, select mechanical
properties and select electrical properties of the entire dielectric |ayer
so f or medyidsogemp tisenent418 packadyingg sodpmprbve ithy imifonmitoadd theefilo t he

i ncrease-nechani cal strength of the entire dielectric |layer so fornmed; 5.
ar ci ng i $repsytievef themiddlethaad layer d 43 and wihadtkipomms nsiddéoand layentHé. entire
dielectric layer so forned; and 6. one or nore of the hard |layers forned
bet ween the sub-layers conprising the entire dielectric |ayer so forned
may be used as etch. stop |layers for subsequent etching of the entire
dielectric |ayer sdpperfel: %ﬁ‘lwtéc pabtlayar B8 baviogi aréhrcgneﬁs 10% mpinesent

i nvention -have been illustrated and described, it is not intended to
linmt thdhickeesatl06rs farmeshovers nddfilenbard layer Hd6fasid éwtheyp enbipeed tp4a2 CLAI MBS
W claim 1. A nmethod of forming a lowk dielectric nateri al Ia§§£,
conpri si Aydregens tiepnett: 18 to enhance, and improve the uniformity of, the

properties of the uppér dielectric sub-layer 118 and which forms upper hard 1ayer
120.

~ Uppermost 5iOC dielectric sub-layer 122 having a thickness 102 minus
thickness 108 is formed over upper hard layer 120 which completes formation of
Si0C dielectric layer 124. The uppermost SiOC dielectric sub-layer 122 is not

subjected to hydrogen treatment 18.

It is noted that although Fig, 7 illustrates SIOC dielectric layer 124
being comprised of four SiOC dielectric sub-layers with respective embedded hard
l_gyers interposed therebetween SiOC dielectric layer 124 may be comprised of only |
three 5i0C dielecfrié sub-layers with respective embedded hard layerg.interposed
therebetween "or more than four SiOC dielectric suB-lay_ers with respective

embedded hard 1ayers interposed therebetween.

13



formng a first dielectric material sub-layer over a substrate; treating
the first dielectric material sub-layer with an energy treatnent .to form
a hardened | ayer on the upper surface of the first dielectric materi al
sub-layer; and'' formng a second dielectric material sub-layer over the
hardened | ayer; wherein the first dielectric sub-layer, the hardened | ayer

and the sgdontagsifahié PrdsenSHRehayer conprise the lowk dielectric materi al
| ayer. 2. The nmethod of claim1, erein the first dielectric materi al
sub-layer is conprised of SiOC 3. The method of claiml, wherein the
first-dielectric material sub-layer has a dielectric constant of from

about 2.3 to 2.6. ZheTidvamigiad oof o arMmdoreWee{RIdmERR fofM 8e qirRb&QLric
material sub-layer has- a dielectric constant of greater than about_ 2.8.

. 5. The newvbdtbroifhckidai m 1, wherein the hardened | ayer has a thickness of
fromabout "250 to 500A. 15 6. The nethod of claim 1, wherein the hardened

llayers has a tihtieddiekstridfcohstam ofahe vhtificlelrit 3Ar sé forbh@l BBERREvVQS; claim
1, wherein the energy Treatnent is conducted in 'situ.
2. the dieleciric constant, select mechanical properties and select electrical
properties .of the entire dielectric layer so formed are improved;
3. the uniformity of the dielectric conétant, select mechanical properties and
select electrical properties of the entire dielectric layer so formed is improved;
4. packaging compatibility is improved due fo the increase mechanical
strength of the entire dielectric layer so formed;
5. arcing is reduced due fo the increased breakdown streng’ch of the entire
dielectric layer so formed; and |
* 6. one or more of the hard layers formed between the sub-layers comprisiné
the entire dielectric layer so formed may be used as etch stop layers for subsequent

etching of the entire dielectric layer so formed.

While particular embodiments of the present invention-have been
illustrated and described, it is not intended to limit the invention, except as defined

by the following claims.

14



8. The method of claim1l, wherein the energy treatnent is conducted ex
situ. 9. The nethod of claim 11, wherein the energy treatnent is conducted
using H2. 10. The nethod of claim1l1l, wherein the energy treatnent is
conducted under. the following. conditions: H2 flow from about 1600 to
2400 seem tenperature: fron1aboutc§%§%i 450C; pressure: from about 4.5
to 9.Omlorr; time: fromabout 30 t econds; and power: from about
300 to 1500 W 11.. The nethod of claim 1, wherein the energy treatnent is
conducted under the following conditions: H2 flow from about 1800 to 2200
sccni;  teRenature; fromabout 350 to 400C, pressure fromabout 6.0 to
7.5 nlorr; tinme: fromabout 90 to 180 seconds; and 16 power: from about
600 to 1200 W 12, The' met hod of cIa|n1of cIa|n11 wherein the hardened

| ayer is an etch stop |ayer.

1. A method of forming a low-k dielectric material layer, comprising the steps of:
forming a first dielectric material sub-layer over a substrate;
treating the first dielectric material sub-layer with an énergy treatment to
form a hardened layer on the upper surface of the first dielectric material sub-layer;
5 and
formiﬁg a second dielectric material sub-layer over the hardened layer;
wherein the first dielectric sub-layer, the hardened layer and the second dielectric

sub-layer comprise the low-k dielectric material layer.

_2. The method of claim 1, wherein the first dielectric material sub-layer is cdmprised
of SIOC. |

3. The method of claim 1, wherein the first dielectric material §ub-1ayer has a

" dielectric constant of from about 2.3 to 2.6.

4. The method of claim 1, wherein the first dielectric matérial sub-layer has a

 dielectric constant of greater than about 2.8.

5. The method of claim 1, wherein the hardened layer has a thickness of from about
250 o 500A. |
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13. The method of claim11, including the steps of. patterning the second.
dielectric material sub-layer, the hardened |layer and the first dielectric
mat erial sub-layer to forma via opening exposing a portion of the
substrate ; and then, using the hardened | ayer as an etch stop | ayer,
patterning the second dielectric material sub-layer to forma trench
openi ng over the via opening and exposing portions of the hardened |ayer.
14. The method of claim1, including the steps of: patterning the second

di el ect r i Thatraethar efudainygemherdin thahdedened layers hasda thisknedsr of frbiml ectric
material sub-layer tg forma via opening exposing a portion of the
substrat@bpuﬁﬁﬁxpﬂéﬂg-using t he hardened | ayer as an etch stop |ayer,
patterning-the second- dielectric material . sub-layer to forma trench
openi ng over the via opening and exposing portions of the hardened | ayer;

t he trenchTﬁpeni ng._and the via opening conprising a dual damascene openi ng.
15. The rfetReEesIotPiglaim !, wheteunihegnergy Wseaimentis conductedih 6ithi ng t he
second dielectric material sub-layer, the hardened |ayer and

8. The method of claim 1, wherein the energy treatment is conducted ex situ.
9. The method of claim 1, wherein the energy treatment is conductedusmg Hz a

10. The method of claim 1, wherein the energy treatmeﬁt is conducted under. the
following conditions: | |

H, flow: from about 1600 to 2400 sccm;

temperature: from about 300 to 450°C;

pressuré: from about 4.5 to 9.0mTorr;

time: from about 30 to 240 seconds; and

power: from about 300 to 1500 W.
11. The method of claim 1, wherein the energy treatment is conducted under the
following conditions: . |

H, flow: from about 1800 to 2200 sccm;

.temperature: from about 350 to 400°C;

pressure: from about 6.0 to 7.5 mTorr;

time: from aboﬁt 90 to 180 seconds; and
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the first dielectric material sub-layer using an overlying first patterned
mask |layer to forma via opening exposing a portion of the substrate ; and
t hen, using the hardened, |ayer as an etch stop |ayer, patterning the
second dielectric material sub-layer using an overlying second patterned
mask |ayer to forma trench opening over the via opening and exposing
portions of theowar deneabodtapere 128 WA net hod of forming a dielectric
material |ayer, conprising the steps of: sequentially form ng one or nore
dielectric material sub-layers over a structure; treating each :
sequentially fornmed one or nore dielectric material sub-layers 5 in
sequence @Rt Tohametspbof idaimhyfddaigen, wheadinehe HeedénetOhier @5 RACAHEN Gtdyr d

| ayers on the upper surface of each respective sequentially forned one or
nore diel &yeric material sub-Layers; and forming an uppernost dielectric
mat eri al sub-layer over the sequentially fornmed one or nore dielectric

mat eri al sub-layers and respective hard layers to '10 conplete formation of
the dielectric material layer. 17. The nethod of claim 16, wherein the
sequent i all§.yfheanetbdd ohelain 1nincldiigthestapsof: materi al sub-|ayers are each
conprised of SiOC. 18. The nethod of claim 16, wherein the sequentially
formed one or pajteenigigeheseednd dielectric material sub-layer, the hardened layer and

the first dielectric material sub-layer to form a via opening exposing a portion of
the substrate ; and - -
then, using the hardened layer as an etch stop layer, patterning the second

dielectric material sub-layer to form a trench opening over the via opening and

exposing portions of the hardened layer.

14. The method of claim 1, including the steps of:
patterning the second dielectric material sub-layer, the hardened layer and |
the first dielectric material sub'-layerlto form a via opening exposiﬁg a portion of
the substrate ; and |
then, using the hardened layer as an etch stop laﬁrer, patterning-the second
dielectric mateﬁal.sub-layer to form a trench opening over the via opening and
exposing portions of the hardened layer; |

the trench opening and the via opening comprising a dual damascene opening,

15. The method of claim 1, including the steps of:
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mat eri al sub-layers each have a dielectric constant of fromabout 2.3 to
2.6. 18 19. The nethod of claim 16; wherein the sequentially forned one or
nore dielectric material sub-layers each have a dielectric constant of
greater than about 2.8. 20. The nethod of claim 16, wherein each of the

rethod of cl AR TAL G SR ARGRe ERiepd pecey e B aT et CoRaang |
sy R 50 o A A 53
ar e conauetoah BPAppHURE POaE AarRit ofthe FuPTAS: SWher or n (he one or mor o
Clarm 16, vhetBth B GROBretDr B PoGpBLErDe a WBgar g Mbaomle
2400 scont A B st Hy BF BB B0 rnEatoesd navedind dadk biseanout 4. 5
to 9. 0MTOf i a trench épem'ng over the via opening and exposing portions of the hardened

layer.

16, Amethod of forming a dielectric material layer, comprising the steps of:
sequentially forming one or more dieleciric material sub-layers over a -
structure; |
treating each sequentially formed one or more dielectric material sub-layers
5 in sequence with a respective hydrogen treatment to form respective hard layers
on the upper surface of each respective sequentially formed one or more dielectric
material sub-layers; and
forming an up;perﬁlost dielectric material sub-layer over the seqﬁentia]ly
formed one or more dielectric material sub-layers and respective hard layers to
10 complete formation of the dielectric material layer. . |
17. The method of claim 16, wherein the sequentially formed one or more dielectric

material sub-layers are each comprised of 5iOC.

18. The method of claim 16, wherein the sequentially formed one or more dielectric

B material sub-iayers each have a dielectric constant of from about 2.3 to 2.6.
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19 tinme: fromabout 30 to 240 seconds; and power: from about 300 to 1500 W
26. The nethod of claim 16, wherein the one or nore respective hydrogen
treatments are conducted under the follow ng conditions: H2 flow from
about 1800 to 2200 sccm tenperature: from about 350 to 400C;, pressure:
fromabout 6.0 to 7.5 nforr; time: fromabout 90 to 180 seconds; and
power: from about 600 to 1200 W 27. The nethod of claimof claim 16,

wherein t ne of the respective. hard |ayers are etch stop

fayer s, 2 TR EnFhod BEERM 14 dFadreel B pedtinialh ranadooumar morceheE:
mat eri al - | r,..havi a hard.l ayer forned therepver by the respective
hydr ogen rﬁlglge&aﬁ‘{%@ayﬁgea%ﬁgam? Adeqe eonstant ,gr‘*?ﬁl’i‘?-frtg% appat&si s one ‘
dielectric materih sub-layer having a hard | ayer formed thereover by 'the
respective hydrogen treatnent; and including the steps of: patterning the

upper nost,di-gl ect i ¢ terial.sub-1 ayer tehardlaerag]&theone
d!ogl ectri %dj eeﬂeékf()ds ggcf e#é’t‘g i m d?/iog %Bé@?%néﬁﬂ’t%a Y8Ispba% Ron of
the thickness of from about 250 to 500A. . ' i

21. The method of claim 16, wherein each of the respective hard layers has a

- thickness of from about 300 to 450A. ﬁ
22. The method of cdlaim 16, wherein the one or more respective hydrogen

treatments are conducted in situ.

23. The method of claim 16, wherein the one or more respective hydrogen

treatments are conducted ex situ.

24. The method of claim 16, wherein the one or more respective hydrogen
treatments are conducted using H,. -
. 25. The method of | claim 16, wherein the one or more respéctive hydrogen
treatments are conciucted under the following coﬁditions: |
H, flow: from about 1600 Vto 2400 scem;
témperaturé: from: about 300 to 450°C;

pressure: from about 4.5 to 9.0mTorr;
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structure; and 20 then, using the hard |layer as an etch stop |ayer,
patterning the uppernost dielectric material sub-layer to forma trench
openi ng over the via opening and exposing portions of the hard |ayer. 30.
The nethod of claim 16, wherein there is one dielectric material sub-Iayer
having a hard | ayer fornmed thereover by the respective hydrogen treatnent;

and i ncl udi nginkd €roiih 8PS tolPab b&loRERGndt he - uppernost - diel ectric
mat eri al sub-layer, the hard |layer and the one dielectric materi al

sub-l ayer to fpowerafrdnaboReBiN® BHOPAFI Ng a portion of the structure; and
then, using the hard |ayer as an etch stop |ayer, patterning the uppernost
dielectric material sub-layer to forma trench opening over the via opening
and exposing portions of the hard layer; the trench opening and the via

openi ng- Qsitiesinethad dfadlaidemes saieePERi ble Gl mdRe raBidede Ohydide 16,
wherein there is one dielectric material sub-layer having a hard™l ayer
formed t hectmerts aby corituctebprddrithe fdllwaFig esnditigas:ment ; and including the

steps of. patterning the uppernost dielectric material sub-layer, the hard
| ayer and H, flow: from about 1800 to 2200 sccrn;
‘ teﬁperatm‘e: from about 350 to 400°C;
 pressure: from about 6.0 to 7.5 mTorr;
time: from about90 to 180 seconds; and

power: from about 600 to 1200 W.

27. The method of claim of claim 16, wherein the one or more of the respective

hard layers are etch stop layers.

28. The method of claim 16, whetein there is one dielectric material sub-layer

having a hard layer formed thereover by the respective hydrogen treatment.

29. The method of claim 16, wherein there is one dielectric materifl sub-layer
having a hard Iajrer formed thereover by the respective hydrogen treatment; and
mcludjng the steps of: |

patterning the uppermost dielectric material sub-layer, the hard layer and
the one dielectric material sub-layer to form a via opening exposing a portion of the

structure; and
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the one dielectric material sub-layer using an overlying first patterned
mask |layer to forma via opening exposing a portion of the structure; and
then, using the hard |ayer as an etch stop |ayer, patterning the uppernost
dielectric material sub |layer using an overlying second patterned mask

| ayer 30:to 21 forma trench opening over the via opening and exposing
portions of , the hard |l|ayer. 32. A dual damascene structure, conprising:

a substrate; gehi fisih | CL L] rial sub-layer over the
substrate; a patter n%%%%ﬁpe%gﬁldé% -I%éﬂegtogggﬁeﬁ’ﬁé FHER &t tRrsTapst

di el ect r deeldrBiCiatdrial JuBYLs (7 sRat erned. hardened sub-I|ayer and.
the -first patterned -3?e eééﬁsi f;ormng%” a|‘§Pseﬁ‘b‘15 8Ver ﬂﬁea\yfanﬁpsn%gag%ci)eni ng
t her et hr g3ae 10R8 oPHRAUA 94, 2f the substrate; and a second patterned
dielectric rrautege(ft?'zl sub- 1 ayer {}ﬁeg'n, the patterned hardened sub-I|ayer; the
second patterned sub-layer having a trench opening 10 therethrough over
the via opening. 33. The structure of claim 32, wherein the first and

; ie (&): nd pao.t ek ecktib@| R cdidiht 16 RiHREGA! 1P BXET FieRFSicC %rt-'er?aq ng)t[bi-lsa%rgr of

having a hard layer formed thereover by the respective hydrogen treatment; and
including the steps of:

e Patterrﬂng ‘the uppermost dielectric material sub-layer, theé hatd Tayer and
the one dielectric material sub-layer to form a via opening exposing a portion of the
structure; and

then, using the hard layer as an etch stop layer, patterning the uppermost
dielectric material sub-layer to form a trench opening over the via opening and

exposing portions of the hard layer;

the trench opening and the via opening comprising a dual damascene opening.

31. The method of claim.16, wherein there is one dielectric material sub-layer
having a hard layer formed thereover by the respective hydrogen treatment; and
including the steps of: B
 patterning the uppermost dielectric material sub-layer, the hard layer and
the one dielectric material sub-layer using an overlying first patterned mask layer
. to form a via opening exposing a portion of the structure; and
then, using the hard layer as an etch stop layer, patterning the up?ermost

dielectric material sub-layer using an overlying second patterned mask layer 30 to
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34..The structure of claim32, wherein the first and second patterned
dielectric material sub-layers each have a dielectric constant of from
about 2.3 to 2.6. 35. The structure of claim 32, wherein the first and
second patterned dielectric material sub-layers each have a dielectric
constant of greater than about 2.8. 22 36. The structure of claim 32,
‘wherein the hardened | ayer has a thickness of from about 250 to 500A. 37.
The st ruf¥8t & BINCE ReT OvehEreevia openihgraddrmghobimgaportiass aft fheckagss of
from abPut 300 to 450x.. 38. The structure of claim 32, wherein the

har dened'®&yer is an etch stop layer. 39. A dielectric material structure,
conprising: a substrate; one or nore dielectric material sub-l|ayers over
the substrate; one or-nore respective hardened | ayers upon the one or nore

di el ectr] erial sub-layers; and an uppernost dielectric materia
sub-laye$£ﬁﬁgﬁﬂgﬁgwéﬁﬁﬁﬁﬁﬁ§ﬁm%ﬁ@ﬂﬁﬁﬁﬂﬁ¥e respective hardened | ayer. 40.

The structure of claim39, wherein the one or nore dielectric materi al

sub-layers :3Aubstrate;

a first patterned dielectric material sub-layer over the substrate; :
a patterned hardened sub-layer upon the first patterned dielectric material
5 sub-layer; the patterned hardened Vsubk-layer, and the first. patterned .dielectric -
material sub-layer having a via opening therethrough exposing a portion of the
substrate; and
a second patterned dielectric material sub-layer upon . the patterned

hardened sub-]eiyer; the second patterned sub-layer having a trench opening

10 therethrough over the via opening.

33. The structure of claim 32, wherein the first and second patterned dielectric

material sub-layers are each comprised of SiOC.

34. The structure of claim 32, wherein the first and second patterne:gi- dielectric

material sub-layers each have a dielectric constant of from about 2.3 to 2.6.

35. The structure of claim 32, wherein the first and second patterned dielectric

material sub-layers each have a dielectric constant of greater than about 2.8.



and the uppernost dielectric material sub-layer are each conprised of SiOC.
41. The structure of claim 39, wherein the one or nore dielectric materi al
sub-layers and the uppernost dielectric material sub-layer each have a

di el ectric constant of fromabout 2.3 to 2.6. 23 42. The structure of
claim 39, wherein the one or nore dielectric material sub-layers and the
-uppernost dielectric material sub-layer each have a dielectric constant of

greater Bhdfheadtnieturd. o clehd 32T Rghebif URE Y ' 9, erein the one or
nore respective hardened | ayers eachEltlillgll\?/%‘E"HamtCl 5@1%3% t%’FE??SBrﬁfaESBH’c 250 to

500A. 44abdiit@50 4 5apk.ure -of --dai m 39i wherein the-one or nore respective
har dened- -1 ayers’ each have a thickness of fromabout 300 to 450A. 45. The
structure of claim 39, wherein the one or nore respective hardened | ayers

are etch stop |layers. 24 _
37. The structure of claim 32, wherein the hardened layer has a thickness of from

about 300 to 4504.

38. The structure of claim 32, wherein the hardened layer is an etch stop layer.

39. A dielectric material structure, comprising;
a substrate;
one or more dielectric material sub-layers over the substrate;

one or more respective hardened layers upon the one or more dielectric

5  material sub-lajrers; and

an uppermost dielectric material sub-layer upon the uppermost one or more

respective hardened layer.

40. The structure of claim 39, wherein the one or more dielectric material sub-layers

and the uppermost dielectric material sub-layer are each comprised of SiOC.‘
41. The structure of claim 39, wherein the one or more dielectric material sub-layers

and the uppermost dielectric material sub-layer each have a dielectric constant of

from about 2.3 to 2.6.
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42. The structure of claim 39, wherein the one or more dielectric material sub-layers
and the uppermost dielectric material sub-layer each have a dielectric constant of

greater than about 2.8,

43. The structure of claim 39, wherein the one or more respective hardened layers

each have a thickness of from about 250 to 500A.

44. The structure of-claim 39, wherein the one or more respective hardened layers

each have a thickness of from about 300 to 4504,

45. The structure of claim 39, wherein the one or more respective hardened layers

are etch stop layers.
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