Integration Film Scheme for Copper / Low-k Interconnect CROSS-REFERENCE TO RELATED
APPLICATIONS [0001] This application relates to the following co-pending and commonly assigned
patent application: Serial No. 10/602,751, filed on June 24, 2003, entitled Hybrid Copper / Low k
Dielectric Interconnect Integration Method and Device, which application is hereby incorporated
herein by reference. TECHNICAL FIELD [0002] The present invention relates generally semiconductor
devices, and more particularly: to semiconductor devices having multiple layers of metallization. '
BACKGROUND [(a@8}radtisenfidonGattemdcdfncd sippirdehey-kdieteseoanecdevice feature size.
decreases, increased numbers of patterned metal levels are required with decreased spacing
between metal lines at each level to effectively interconnect discrete semiconductor devices on

semicongyeiof.refrperhe differenk Evels PR el iotdrconnections are separated by layers of
insulating materials or films, often referred to as inter-level dielectric (LL) layers. These interposed.

insulatin%glayers have etched_ holes or tretzgcg) that are ﬂ”ﬁg g/vitr& aocondgl%:ia\/s%ma ria%éh{eferred to as
vias or pI§E] which -8 nueaiion Bt i8R B MBTAMIZAIGH fifeS (6 the next. A” common’

insulating material used for ILD layers is, sjlicop oxj eﬁd}?%. h'ci[%@g.l dielectyic_constant (k) of
about 4. GRROAERT RRAENS o VAHEIM iﬁﬁcﬁ@f&@% e t'\gffi ?]?—?8@%\?;?\3@ semiconductor
device di [ d d th king densi . e .. '
eviee gggc%%ngmrgggggg?n?ggraﬁoi %/?é:thal)rdlg de Bg\l}%e, which application is hcreby mcorporated

herein by reference.

TECHNICAL FIELD

[ObO 1 The prcsent'invenﬁdn relates generally semicondtictor devices, and more particularly

to semiconductor devices having multiple layers of metalﬁzaﬁon.

BACKGROUND

: [0003]  As semiconductor device cireuit density increases and device feature sﬁe_decre%es,
incfcascd numbérsl of patternéd metzﬂ 1eveis are required with decreased spacin_g’ betwccﬁ metal
 Jines at cach level to effectively interconnect discrete semiconiductor devices on semiconductor
%:hips. .The different levels of metal.intef:conncctimis are separated By layers of insulating
materials or ﬁims, often referred to as inter-level dieiectﬁc (ILﬁ) layers. These interposed.
insulating layers have etched holes or trenches that are filled v\nth a CGnductivx: material, fef:rred
7. to as-vias of plugs, which are used to connect onellevéi of metallization lines to the mext, A -
-L:ommon insulating ﬁiaieﬁal used for ILD layers is silicon oxide (Si05), which hﬁs adielectric
* constant (k) of about 4.0 to 4.5, relative o & vacuum, which has a k velue of L0.
l[O{}M] Hc.nwcv.er, as semiconductor-device dimensions decrease and the packing density

increases, it is necésSaxy to reduce the spacing between the metal lines at each level of
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increases, it is necessary to reduce the spacing between the metal lines at each level of -i
interconnection to wire up the integrated circuits. Unfortunately, as the spacing decreases, the
intra-level and inter-level capacitances increase between metal lines, as capacitance is inversely
proportional to the spacing between the lines. Therefore, it is desirable to minimize the dielectric
constant k of the insulating material (dielectric) between the conducting lines, in order to reduce the
RC time constant and thereby increase, the performance of the circuit, e.g., the frequency response,
since the SfgFRINsFEpa TR tntbentpmatat timcdtadVefearrarlic ksdis s memedagetassiite. [0005] To
achieve an insulating layer with a dielectric constant of 3 or less, low-k insulating, films are often used
for 1LD mt@r@ﬁmgmwmﬁwm&wmswm%ﬁﬂ%é@@spwﬂﬁﬁ@a%iféamswbgth and
related properties. In general, the lower the k value, the poarer the mechanical strength. Introducing
 low-k insEReRmHoR e fbsspRtine batwracrthe inetalibantme i Hisgletiohle tn arninizsdhe dislsaimiechanically
weak and vulnerable low-k interconnect stack,  degrading, the.reliability of the semiconductor device
and resuf@rgan Helibs minlabng matsopidisiRsriomatree PRy ] e Brgdeser problems
‘are generally solved or circumvented, and technical advantages are generally achieved, by preferred
embodintéh dﬁﬁé%%@%%%ﬁ?%ﬂ%%&?ﬁﬂ%%&%@&ﬁ%%@%ﬁﬁ%uIti-Iayer

metallization using low-dielectric constant, .
response, since the signal propagation time in the circuit is adversely affected by the RC delay

time.

[0605] . To achieve an Maﬁng layer with a dielectric coustant of 3 or less, iow-k--insmaﬁpg R
films aré often used fcr'l]'_.D Iayers. However, lower-k dieleciric materials usually have poar -
mechanical strength andlmiategvi propertiés. In general, the lower the k v;xiue, the poorer the
mechanical strength. Introduéing low-k insulating materials into a multi-level metallization

infegration scheme résijlts in a mechanically weak and vulnerable low-k interconnect stack,

degrading the reliability of the semiconductor device and resulting in device failures.

2-



materials. A single ILD layerincludes three or more sub-layers of low-dielectric constant material,
wherein adjacent sub-layers have different properties. The single ILD layer may comprise one type of
‘low-dielectric constant material, wherein parameters are changed during deposition to achieve the
different properties of the three or more sub-layers of low-dielectric constant material. Adjacent
sub-layers of the ILD layer may have different dielectric constants, densities, Young's modulus, and
adhesion properties, as examples. [0007] In accordance with a preferred embodiment of the present
invention, a method of manufacturing an inter-level dielectric (11.,D) layer of a semiconductor device
includes feliiiigh Y DSt Tolk-BNSTESITkOtbnstant material sub-layer over the substrate, the first ,
low-dielectric constant material having at least one first material property, and forming a second

low- el SonSRL il SUBIANSE OUEL IR, H BN SIEGT SRR TgiRRl subiaver,the

second low  dielectric constant material sub-Tayer having at least one second material property,

wherein e gl leesl.ont sSend alelbiaRervin AELER G e gl eastane (stpaterl

property: e rmethodinclu ormin thir ric constant material su ayecr over the

second lous Sieieelli sensiant malena uniaysl e diiu-Gle e foasiant majeal sub-layer

having X 184St one third materia property, east one't eria proper?f%%slr?&different from

the at least e segond Mo proneity 109081 acepigace i angiet prefered embodiment of

the presemﬁ%lnventlon, hod of manuracturing a semiconductor dewcg mcﬁ?&és providing a |
St s SRl R0 PSR ISR AP L TR B Al sop fver over
comprise one type of low-dielectric constant material, wherein parameters are changed doring
: .dvepo'.sitién to achieve the_-di.ﬁerent properties of the three or Hiore sub-layers of low-dielectric
constant material. Adjacent sgb-layérs of the ILD layer may have Eitferent dielectric constants,
densities, Y(;ung’s modulus, and adhesion properties, as exgmplés.
[0607]  Inaccordance witha prcferréd_ embodiment of the present invention, a method of '
m'emufabturing an inter-level dielectric (ILD) -Iayer of a semiconductor device iuéludes forming a -
ﬁrst 1ow_-dieiectric constant material sub-layer over the sgbstrate, the first 10W~dielecﬁc copsfa.nt
materi] having af least one first material property, and forming a second low-dielectric constant
mai?:':ﬁal. subuléyer over the first low-dielectric constant material sub-layer, the secoﬁd 19W-- :
| dielectric constant xﬁaicﬁal sub-layer having at least oné second material property, 1.v&rhe:rf::i}z the at
least one second material property is different from the at least one first material property. Tl_:xe
'-zxie_thod 'inclﬁdcs foﬁning athlrd low-dielectric constant maf;ﬁal sub-layer over the second low-
| dialeﬁtric constant material sub«iayer, the third Iow-diclécuic constant maié:riai sub-layer haviﬁg -
' at Icast one third material properﬁ, the :—1’{ Teast one third material pfoPerEy being different from

" the at least one second material pfbperty. '



forming a first ILD layer over the first etch stop layer. At least one first conductive region is formed in
the first ILD layer and first etch stop layer, wherein at leastone first conductive region makes electrical
‘contact with at least one component region of the substrate. Forming the first ILD layer comprises
forming a first low-dielectric constant material sub-layer over the first etch stop layer, and forming a
second low-dielectric constant material sub-layer over the first low- dielectric constant material
sub-layer, the second low-dielectric constant material sub-layer having at least one different material

property thajaghe firs} lowrdiglecHis sapsiaHmaiediahsubmbares: Berpisetheviabblayanindydes

forming a third low-dielectric constant material sub-layer over the second low-dielectric constant

material sytrlavahcthenthirdiowislestiscaataale paielimes tutaat havingatteastape different

material property than the second low-dielectric constant material sub-layer. [0009] In accordance

with yet a&ﬂﬂp@h&fﬁ@ibﬁ%fﬁﬁ@%@%@éﬁ,%Hﬂmg)m%ﬂm%pqm@av&&MEﬂt@ gemiconductor
device includes a first low-dielectric constant material sub-layer, the first low-dielectric constant

material hRyingeal iRast oneyirsvaratieiabienesy. land. aadeandnionstisietitesensta s material

sub-layer disposed over the first low-dielectric.constant material sub-layer, the second low-dielectric

constant maerdah sebfayRIThavinGR! IRastEinasseoad whaterial Riepest/hiwhereginthe alieast one

second material property is different from the at least one first material property. The ILD layer

includes g klicdl dRetilBGHiE GRASIANELED 6@%@&&%@@6&%@6&&@&@@6&@&@@@%'e|eCt“C _
constant material sub-layer, the third low-dielectric -4
' ILD layer comprises forming a first low-dielectric constant material sub-layer over the first etch
'stop layer, and forming a second 10_w-dielet:tu'c constant material sub-layer over the first low-
| diclectr'ic constant material sub—iayer, the second low-dielectric constant material sub-layer
having at least one different material property than the first low-dielectric constant materiel sub-
layer. Forming the ILD layer includes forming a third low-dielectric constant material sub-layer
over the second low-dielectric coﬁstant materiél sub-layer, the third 1ow-diélecttic constant
ﬁlatcrial_ sub-layer having at Jeast one different material property than the second low-dielectric

constant material sub-layer.

[0009]  Inaccordance with yet another preferréd enﬁbodimc,nt of the présent invention, an
ILD layer of a semiconductor device includes a first low-dielectric constant material sub-layer,
the first low-dielectric constant material having at least one first matcﬁal property, and a second
low-dielectric constant material sub-layer disposed over the first low-dielectric. conétant ‘material
' 'Silb«layer the second Iow—dlciectrm constant material sub-layer havmg at least one second |
‘taterial property, wherein the at least one second material property is s different from thc at least
one first material property. The ILD layer includes a third low'-dieiecmc constant ‘material sub-i'

layer disposed over the second low-dielectric constant material sub-layer, the third low-dielectric



constant material sub-layer having at least one third material property, the at least one third material
property being different from the at least one second material property. [00101 In accordance with
another preferred embodiment of the present invention, a semiconductor device includes a substrate,
the substrate having component regions formed thereon, a first etch stop layer disposed over the
substrate, and a first ILD layer disposed over the first etch stop layer. At least one first conductive
region is formed in the first ILD layer and first etch stop layer, wherein at least one first conductive
region matesteitoatail somlaverbitring abkesst pethBAHEIER PRGN ofithed é??ﬁ%f’ﬁé‘iéh“f‘%we first ILD layer
includes a first low-dielectric constant material sub-layer disposed over the first etch stop-layer, and a
second lomattigibpeierodreing i s feims dhe gy estscseene VBRI AAPGW:dielectric constant
material sub-layer, the second low-dielectric constant material sub-layer having at least one different
material F:Lﬁ’@“ﬁjty thagthedfitst low:-diglecticsanstaptinatesialsuke ineenfithéitowadielectric

constant material- sub-layer is disposed over the second low-dielectric constant material sub-layer, the

third low- digleelic.ansiAn MAALA suRdaenbaviReAl inssinagiferent maiefiakpperty than the
|

second low-dielectric constant material sub-layer. [00111 Advantages of preferred embodiments of the

present inyeplign, Belds Rioyieiicia Buiayersuatalization sl andmiiadaieeayfaciuring
e

thereof wherein D layers - comprise low-dielectric constant materials, yet have increased

mechanicl senglty RemisanduEiar sleyiesaite g henpiskmaaliamien WRsshemeescribed

herein have” impro ability and increased yields:.
etch stop layer, wherein at least one first conductive region males electrical contact with at Jeast

" one component region of the substrate. The first ILD layer includes a first low-dielectric

- constant material sub-layer disp(;)sed over the first etch stop 1aye;, and ;d second 10w-dicle§tric_
constant material sub-layer disﬁqsed over tﬁa first low-dielectric cénstant material sub-layer, the
second low-dielectric constant niateziél'sub—iayer having at least one different material property
m the ﬁrst Iow-dieiec&ic constant matcrial suB—,laycr. A third low—dieiecirié 'CQ:.BStﬂIlt material
sub-layer is disposed over the second léW—éiclectic cohi;tan% material sub-laj;er, the third low-
diclec&ic constant métcrial sub-layer having at least one diﬁe%enf material pfopeﬁy than tbe- |
sécoﬁd low-dielectric constant_uﬁatéﬁél sub-layer. |
| [6011]  Advantages of preferred embodiments of the present invcnﬁon iﬁéiude providing a -

- multi-layer mctaﬂiiation strﬁcﬁire and method of manufacturing ther.so.f wﬁerein the IL.D layc;rs .

| comprise low-dielectric constant materialé, yet have increased mechanical sﬁrcngth.
Semiconductor devices utilizing the ﬂbvel Iﬁqtaiﬁzatioﬁ ILD scheme describad hcreig have
improved feﬁgbﬂity and increased yields.
.[0012] The foregoing has 'outliﬁed rather broadly the features aﬁd technical ad;iantag'es of
embodiments of the present invention in ordér that the detailed description -of the invention that
follows may be better understood. Additional features and advantages of embodiinepts of £h6

-

_D..



100121 The foregoing has outlined rather broadly the features and technical advantages of
embodiments of the present invention in order that the detailed description of the invention that
‘follows may be better understood. Additional features and advantages of embodiments of the invention
will be described hereinafter, which form the subject of the claims of the invention. It should be
appreciated by those skilled in the art that the conception and specific embodiments disclosed may be
readily utilized as a basis for modifying or designing other structures or processes for carrying out the
same purpisestioh thilliredantibed dattdmfitrs ibidhl Giso the yeiticed thydatse afidiethantienalt that such
equivalent constructions do not depart from the spirit and scope of the invention as set forth in the
appended shaitdde SppRtERCH SORISXIUGNDQIR T had AWK S 0o PEUfia smbrdisemiplete
understanding of embodiments of the present invention and the advantages thereof, reference is now
made to théisdtisdingdeschigtipnsiiakion rbesiajioncuedifuighoticssooephenshgdiesanigs, in which:
[0014] Figure 1 shows a cross-sectional view of an ILD layer having three or more sub- layers in
accordancproviserfernipnding ent thé shmppogmsesnidhripresfod IS ERigurdt shswbdhvalsarbstiretized
cross-sectional view of an, ILD layer in accordance with a preferred embodiment of the invention;
[0016] Figimetidsbuskiliad & dherosthasutio nqlividentofoastanticonde sed dearideonatlingpiriaand ILD layers
manufactured in accordance with a preferred embodiment of the present invention;

- scope of the invention as set forth in the appended claims.



and. [0017] Figures 4A through 4C show alternative embodiments of the present invention in a
cross-sectional view. [0018] Corresponding numerals and symbols in the different figures generally
'refer to corresponding parts unless otherwise indicated. The figures are drawn to clearly illustrate the
relevant aspects of the preferred embodiments and are not necessarily drawn to scale. -7 DETAILED
DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS (0019] The making and using of the presently
preferred émbodiments are discussed in detail below. It should be appreciated, however, that the

present inpgRtPRIXEWHES PBY FRBlsRRIGTigMentive concepts that can be embodied in a wide variety

of specific contexts. The specific embodiments discussed are merely illustrative of specific ways to
make and use the invention, and do not limit the scope of the invention. [0020] With reference to.
Figure 1, $%8/dks- sé&i@rféﬂﬁé%k@rﬂ@mﬁiyéﬁlﬂ@f erhedismanireaf the presontirveatiohtaadgheferred
embodlment of the present invention is shown. The ILD layer 102 includes an etch stop layer (ESL) .
104. The ‘8fvAriagsH thareets tlerensy issn iradsicthe kol waipdeswiptipin salendaivongufictipmther
insulating materlals as examples, deposited using CVD or PECVD to a thickness of 200 to 1,000

Angstrom@%@é%@@%@@mﬁﬁp‘%@@ 104 protects an underlying insulating layer (not shown
in Figure 1; see Figure 3) during the patterning or etching of the ILD layer 102, and also provides

improved @dhﬁspnﬁ%ﬁ@pm%’&%g%@@%@‘ﬁéw of an ILD layer having three or more sub-

layers in accordance with an embodiment of the present invention;

[0015] Figure 2 shows another cross-sectional view of an ILD layer in éccor&aﬁce with a
preferred embodiment of the invention;
f0016 Figure 3 illustrates a cross-sectional view of 2 samlconductor dewce havmg many
ILD layers manufactured n accordance with a prcfﬁrred embodlmcnt of the present mvcntmn,
and. |
[0017} Figures 4A through 4C show alternative embodiments of the present invention inAa
“cross-sectional view. |

[0018] = Corr_espohding pumerals and symbols in the different figures generally referto’

. comesponding parts unless otherwise indicated. The ﬁgurcs are drawn to c;lcafly illustrate the

televant aspects of the preferred embodiments and are not necessarily drawn 1o scale.



dielectric constant material sub-layers 106, 108 and 112. [0021] The ILD layer 102 includes three or
more Jow-dielectric constant material sub-layers 106, 108, and 112 in accordance with an
embodiment of the present invention. The ILD layer 102 includes. a first low-dielectric constant
material sub-layer 106 disposed over the etch stop layer 104. A second low-dielectric constant
material sub-layer 108 is disposed over the first low- dielectric constant material sub-layer 106, and at
least a third low-dielectric constant material sub-layer 112 is disposed over the second low-dielectric
constant material sub-layer 108. The .ILD layer 102 may include additional low-dielectric constant

material s%{:’{@r@% 3 @Q%EWﬁg%mmg be deposited over the ILD layer

102. The top stop Tayer protects the ILD layer 102 during etch processes and improves
adhesion of subsequently-deposited ILD layers, not shown@gsee Figure. 3). The etch stop layer 114
may be déi§88ited elirmpdreradrsing ofitee paetspiin grafom IE@W&EETM@M&&%pemngs
may be formed in the etch stop layer 114 and ILD 102 and may be filled with a conductive material
(not showheky ¥idtisBonidseeapreaietes) ipmsearhet thsppisisatisasatine mevdormarcenalieaile plug
comprising tungsten, aluminum, doped polysilicon, or some other appropriate conductive material.
The plug ARgaH FaaceRh Siciatdbroedatiied Ay rida isiiss dfapcifs saatedniihe sheriBs respectively,
for improved device characteristics. Alternatively, a single or dual damascene process may be
employeda@tiodimesninasaharnolesinitheuaiydafspes il fopsdp aubnandnes tnitoniios, followed by

filling, growing or depositing a conductive
and do not limit the scope of the invention.

[0020] With rcferenée to Figure 1, a cross-sectional view of an ILD layer 102 manufactured
in accordance with aprefcrréd embodiment qf the present in{renﬁon is shown. The ILD layer
71’02.includes an etch stop layef (ESL) 104. Thg- etch stop laé;er 104 may comprise SiC, SiCO,
SiCN, combinaﬁons-thcréof, or other insulating materials, as exélmpies, deposited using CVD or
-PE('3VD to a thickness of 200 to 1,060 Angstroms, as cxaﬁlpleé. The etch stop layer 104 protécts
aﬁ undsrljring insulating layer (not shown in Figure 1; see Figure 3) during the patterning or
etching Qf the ED iayer 102, and also providé:s improved adhesion for subseqﬁently formed low-

dielectric constant fnaterial sub-layers 106, 108 and 112.

{00z 1} The ILD layer 102 includes three or more low-dielectric constant méxcﬁal sub-layér’s
106, 108, and 112 in accordance with. an embodiment of the present inv;snﬁon The ILD 1aye;
102 includes a ﬁrst low-dielectric constant material sub-layer 106 disposed over'the etéh stop |
fayer 104. A second low-&.igiectric constant material'éubalaycr 108 is disposed over the ﬁrst low-
diciect:ic‘constant material sub-layer _106,-anc'l at least a third low-dielectric constant material -

‘l suﬁ«layer 112 is disposed éver the second iow—dieiccu"ic‘ constant material sub-layer 108. The "

ILD layer 102 may include additional low-dielectric constant material éub-layers, not shown.



material such as copper within the trenches and holes to form the conductive lines and vias. [00241
Preferably, each low-dielectric constant material sub-layer 106, 108, and 112 has at least one
-different material property than an adjacent low-dielectric constant material sub-layer 106, 108, and
112. For example, they may have different low-dielectric constants (k) and/or densities and may
comprise different low-k materials altogether. In one embodiment, the lowest -level low-dielectric
constant material sub-layer 106 (the sub-layer adjacent the bottom etch stop layer .104) comprises

alower diﬂffﬁﬁc 005&5{%%{?& anyipe diglecticeanstant o the atharypnes. sslayaedogpnd 112.

For example, first low-di tric constant material sub-layer 106 may comprise a dielectric constant of

below abayhg.50:JA0GTE FANARAYLTRIA2BpRRNLC P RARIEVBleslie constant materia

108 and third low-dielectric' constant material 112 may comprise dielectric constants of about 2.8 or

ter, e.gy, ccthie fitstowrdiglectsi t jal sub-|
greater e&nsgﬁggﬁfgaj%e;}n%%ﬁo@b%g&wﬁ&%@ﬁ?@ )'0%@'&@%{?% fY ayesial sub-layer

106 may com t 0.89 to 9 1.2, and the Second low-dielectric constant material
sub-layer 08 ARSdblitlo0s aelr e SORBIaRL BRI A5 ulydaygs 108 may comprise a density of
between a Bust%f].zsto ;8&%&251 In aen ther er%lbodiment, the Young's modulus -of the first
low-dielectric constant material sub-layer 106 may be smaller than the Young's modulus of the second
and third IWA2Hielectantes npaninsarmesrhaforosldndhe ebrtindrurm bid, apebut enddasids of the first
low- dielectric constant material sub-layer 106 may be about 20 GPa and the Young's modulus of the

second arftlieivdtiovecaibielitrgetsrist dmtrhter d 1Beah deE F2GHAY b el 4 60 20" GIERIBE SHAkller.

be filled with conductive plug comprising tungsten, aluminum, dqped polysilicon, or some
“ other appropriate conductive material. The plug may iuciude adhesioﬁ and barrier layers, suéh as
titanium and titanium nitride, respectively, ‘for improved device charactcri_stics.‘ Alternatively, a
: si.ngle or dual da,maéccﬁe process mﬁy be empioyed fo form trenches ‘and holes in the ILE layer
. 102 for conductive lines 'aﬁdlor vxas, foﬂowcd’ by filling, growir.;g or dcpo:siting a conducﬁv;
; material Sixcha_s co_pbcr mthm Ihe trenches and holes to form the condué’dvc lines and vias.
[0024] Preferably, each 10W—die_1¢ct1jic constant material Su"b—layer 106, 108, and 112 has at
least one different material property than an adj acent low-dielectric constant mateﬁal s_ub;layer
| 106, 108, and 112. For examﬁle, fﬁcy may have different Iow—dielecnfic constanis (k) aﬁd{o_r .
densities and ﬁéy COmprise &iﬁ'@rcnt low-k materials altogether. In one embodiment, the Jowest
 Jevel low-dielectric constant material su_b-12yer 106 (the sub-lajfef adjacént the bottom etch stop
1aje%.104} COmprises aloxyér diclectx%ic constant k than the dielectric constant of the other upper | '
sub-~layers 108 and 112, Folr'exa_mpie, first low-dielectric constant material sub-layer 106 i_nay
B compriée é.dieledtric‘ constant of below about 2.8, €.g., ranging from about 2.2 to 2.5, gndrthc
second low~dieled€ric constant material 108 and third low-dielectric constant material 1 12 may
comprise djélec&ib constants of about 2.8 or greater, e.g., about 2.8 t0 3.3. As another example, |

| the first low-dielectric constant material sub-layer 106 may éﬂmprise,aj density of about 0.89 to

9



As another example, the first low-dielectric constant material sub-layer 106 may have a Young's
modulus of about 10 GPa or less, the second low-dielectric constant material 108 may have a
'Young's modulus of about 10-15 GPa, and the third low-dielectric constant material 112 may have a
Young's modulus of about 5-10 GPa. [00261 In yet another embodiment, the first low-dielectric
constant material sub-layer 106 may be more adhesive than the second and third low-dielectric
constant materials 108 and 112, for example. This is advantageous in that adhesion of the first

low-dielet#iembthstantmateridilstbidayasdAGiadhe sibhsan Ry8IERFISIMRIQUEs: The adhesion of
the first low-dielectric constant material sub-layer 106 may be greater than about 10 JIm2, and the

adhesiorrofstars regtcoacudnkdyiéind Savagielepitie: ackaikiytonbiarus 1608 andglig may be less than
about 10 J/m2, as examples. {00271 In one embodiment, the low=k material sub-layers 106, 108 and

112 pref comprisa onlyone single type of material, wherein the deposition conditions are
eRy %%&& C%g{)deutmng fhe & ngiﬁ%oﬁ[%%be%g%ﬁ %QBWF%E?@CHWBW chambers

changed or adjusted during a con Inuous : I >
e S ng AL RIIFLE SRl 11 anass e fopestop condtpps are e
or g s LSRR DR hRE Pt AR T et die Bty e chanaec
or adjustgel o eaiS e AR IP A R PIOB Y EBRl MdpuiBleeic Constant  orine

second and third low-dieleciric constant materials .108 and 112 may be about 10 GPa 0.1‘ smaller.

As another example, the first low-dielectric constant material sub«iayer 106. may have é, Young’s

modulus of about 10 GPa or less; the second low-dielectric constant material 108 may have a

Young's modulus of about 10-15 GPa, and the third low-dielectric c‘onstant material 112 may .

havea Ybung’s modulus of about 5-10 GPa.

[0026] In yet another embodiment, the first iow—diclectrﬂﬁ constant material sub-layer 1 06
may be more ﬁdhesive than the secoﬁci and third Iow-diclcctrig constant materials 108 and 112,
for éxampié. This is advantageous in that adhesion of the first Iown&ieiectric constant material
sub-layer 106 to fhe etch stop layer 104 is imﬁroved. The adhesiolu of the first low-dielectric
constanf material sub-layer 106 may be greater than about 10 J/m’, and the adhesion of the
second and third low-dielectric constant materials 108 and 112 may be lés; than about 10 J/m?,

as examples.

' [0027]  In one embodiment, the low-k material sub-layers 106, 108 and 112 ﬁreferab&
cémpﬁse only one single type of material, wherein the deposition coﬁditions aré changed or
adjuﬁted durmg a continuous deposition process in one or mm;e deposition chambers while "the.

' singie type ‘of ﬁaterial 18 depd'sitcﬁ; The changes in the deposition conditions create £hc diffei;ent |
material pl;opertics df the low-dielectric material sub-layers 106, 108, and 112, For example,

-10-



material sub-layers 106, 108, and 112 include temperature and pressure, as examples. In another
embodiment, each low-dielectric material sub-layer 106, 108, and 112 may comprise a different type
+of low-k material, for example, [0028] The low-k material sub-layers 106, 108, and 112 preferably
comprise low-dielectric constant materials such as methyl silsesquioxane (MSQ), a MSQ derivative,
hydridosilsesquioxane (HSQ), a HSQderivative, an oxide and MSQ hybrid, a porogen/MSQ hybrid, an

oxide and HSQ hybrid, a porogen/HSQ hybrid, or combinations thereof, as e>2<§1m '%% f\lte rnatively,
the low-kpaaetiat sélikapprsiiOepLosswihat TR heahassibme deibs ﬁ?ﬁ/f -%)I i€ ¢on

8BStk “LShstaft materials,
such as nanoporous silica, xerogel, polytetrafluoroethylene (PTFE), or low- di@l{:ctric ggnstant (low-k)

materialsosigahspscBi, b avariplore flerBbR CREFHSSRO BN BFARES RAERGER, LR

4 available from
Allied Signal of Morristown, New Jersey, and Black Diamond, avyailable, from Ap Irigg Materials of
Santa Clatan@alifosijesiaisiexrmiplesdilimet ghismnl PoRerishat RS sat ﬁ% &Y. The
sub-layers 106,108, and 112 are preferably deposited using a chemical vapor deposition ("CVD") or a
spin-on coatini! tethiigue] A& ghdothe el RIBPET BRI L B TIES &ﬁ&%‘ﬁﬁﬁi@%y%’&ﬁ% "The ILD
layer 102 is preferably deposited to a thickness of approximately 2,000 to 9,000 Angsfroms, for
example, caithdiginthedh Diagietto2 masidowplyerdife rlﬂﬁﬁ&%%%%g?%ﬁ%%ﬁé& £ 8kt will
recognize that the preferred thickness range will be a matter of design choice and will likely decrease
as devicergritigfdbaiinansinas fatwimk@ad processing controls improve over time. -11

[0028] The low-k material sub-layers 106, 108, .anfi 112 preferably Qompr_iéc low-dielfzcﬁc
constant materials such as methyl sﬂsesquipxane (MSQ), a MSQ derivative, -
hydridosilsesquioxane (HSQ), 2 HSQdcp'vativc, an oxide énd MSQ hybrid, a poro gen/MSQ
hybrid, an oxide and HSQ hybrid, 2 poro gen/HSQ:hybrlid, or combinations thereof, as cxa:ﬁplcs.
Alternatively, the low-k material sub-iaye.rs 106,108, and 1 12 may COmpl'i:Sf% other low-dielectric
c;)n:s‘c_ant materials, s'uchlas nanopérous si];'ca, xerogel, polytetrafluoroethylene (PTFE), or low-
dielectric constant (low-k) materials such as SiLK availaﬁle from Dow Chemicals of .Midland, _

| - Michigan, Flare; lavailabléfmm Allied Signal of Morﬁst’oﬁvn, New Jersey, guci Black Diamond, -

" available from Applied Matcﬁals‘of Santa Clara, Caii_fomia, as exampies, alﬂiough other low-k
materials may also be used. The sub-layers 106, 108, and 112 -a:e preferably deposited using a
cﬁéﬁlical vapor déposition (“CVD”) or a spin-on coating-tcchpiquea although other deppsitioﬁ ,

* techniques ma'y alternatively be used. The ILD layei 102 1s preferably depositéd toa thickneé_s "
of approximately 2,000 to 9,000 Angstroms, for example, although th‘elILD layer 102 may
cOmmprise o.ther ﬂlicknesseé. One skilled in the art will recognize that Fhe preferred thickness -
r—a_,nge w:dl be a matter of design choice anti will likeiy decrease as device critical dimensions. -

shrink and processing controls improve over time.
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[0029] In a preferred embodiment of the present invention, preferably, the first, second and third
low-dielectric constant material sub-layers 106, 108, and 112 comprise low-dielectric MSQ, for
.example. Atubstrate (not shown in Figure 1; see Figure 3) is placed in a deposition chamber.
Deposition chemistries are introduced into the deposition chamber at a first temperature and a first
gas flow rate for a period of time to form the first low-dielectric constant material sub-layer 106 having
a dielectric constant of about 2.5 and a density of 0.9, as an example. The gas flow rate is changed to

a second grpdiow rateipdermithamanasst hdiplesiin randiannateria sy R averdQ8having a

dielectric constant of about 3.0 and a density of about 1.5. The gas flow rate is changed to a third gas

flow rate erwhedbitdd ewsdiglacirica cansigaismeteiios il lavelkiRisadnaia digipoig constant of

about 3.3 and a density of about 1.7. Alternatively, to achieve the different material properties of the

sub-layergoiékatihs. andubdi2at OLhe HERASHIPIRREOC RS PRIBIBIRISIBaYiRG agjusias such as the

power level, gas species introduced to the deposition chamber, temperature, and/or pressure, or

combinatignen8EiN®eyadifsiscRERRARENACAANREIE A asc tRedheirin sRatRMIIL840030] Figure 2
shows another cross-sectional view of an ILD layer 202 in aceordance with another preferred

embodimeshgi-ihedave aERa. ook Pulaysr 202 iacddes: a0 ISR TR damer.RA4-camBhsiag SIC,

SiCO, SIiCN, combinations thereof, or other insulating materials, as examples, deposited using CVD

or PECY Bhuigeaidhickness nfe3R0ie-4 H00cARasHoms. Aabeuamnias « Heasiaysinjesiria constant
material sub-layers 206, 208, 212, and 216 are numbered sequentially: low- dlelectrlc constant
material %M@Y@ r '?ﬂ@gb% ﬁ@‘@‘?%@cﬂ@g‘éﬁ %‘%@5@%9&’ gheftow rate to form the second low-

dielectric constant material sub-layer 108 havmg a dielectric constant of about 3.0 and a dens1ty

of about 1.5. The gas flow rate is changed to a third gas ﬂow rate to form the third low-melectm . "

constant material sub-layer 112 having a dielectric constant of about 3.3 and a density of about

1.7. Alternatively, to achieve the different material properties of the sub-layers 106, 108, and

112, other dcpdsition -process parameters may be adjusted, such as the power level, gas species

introduced to the deposition chamber, temperature, and/or pressure, or combinations of the

. various process parameters described herein, as examples.

. [6636] Figure ._2 shows another cmési—scctional view of an ILD 1ayer 202 in accordance with
another preferred cmbodirﬁent of the invention. The ILD 1ay§:; 202 includes an etch stop layer
204 compxi;sing SiC, SiCO, SiCN, combinf_i"cions thereof, or other insulating materials, as |

~ examples, deposited uéing CVD or PECVD t;s a thickness of 200 to'l?OOO Aﬁgstrqms, as
examples. The low-dielectric constant material sub-layers 206‘;_208,.212,. and 216 are numbered
sequentially: low-dielectric constant material sub-layer 206 is deposited firs, indicated by the |

‘ 'nﬁmber 1 in Figure 2. A first low-dielectric constaiit ﬁaatérial sui)-layer 206 is formed over the .

. etchstop layer 204. One or more parameters of the dcpositi.on process is modiﬁeﬁ or adjusted to

“form a second low-dielectric constant material sub-layer 208 (layer number 2) disposed over and

12



number 1 in Figure 2. A first low-dielectric constant material sub-layer 206 is formed over the etch
stop layer 204. One or more parameters of the deposition process is modified or adjusted to form a
'second low-dielectric constant material sub-layer 208 (layer number 2) disposed over and -12 abutting
the first low-dielectric constant material sub-layer 206. The second low-dielectric constant material
sub-layer 208 may comprise the same material having one or more different material parameters,
such as density, dielectric constant, adhesion, and Young's modulus, as examples, than the first
low-dielectric constant material sub-layer 206 in one embodiment. Alternatively, the second
low-dielecattinnbafshiatedislestis tapsasionisia) sumarri 0 fbraseontiRvdinkatithe first
low-dielectric constant material sub-layer 206. [0031] One or more parameters of the deposition
process iscRiSam ErisFialdisleen A0 mAYLOmRTESIRe SRS IteEB RS SRR APIRAIEFE 12 (layer
number (n-1)) disposed over and abutting the second low dielectric constant material sub-layer 208..
The third IBAEeaR RRsaTRs e oRk s afslastig arsirateatipien it \Oie STRadHEF Hiiving at least
one different parameter, such as density, dielectric constant, adhesion, and Young's modulus, as
examplesF’ﬂ#’i@ﬂeﬂﬂ@%%MW&@@%%F@%W&%ﬁ%‘l"g@@lgﬁé@%&iﬁ%‘?@lém%diment. _
Alternatively, the third low-dielectric constant material sub-layer 212 may comprise a different material
than the séﬁ%@@%ﬁéﬁ@&ﬁ%ﬁ%&@ﬂm&.ﬁg&a{%@f % WIREE HEHREters of the

deposition process is modified or adjusted to form a _fourth low-dielectric constant material sub-layer
216 (layermaismitldhan)tby Erstlow slinkedtals eqastppfanaterial sub-layer 206. S
| [5031] | Oneror more parameters-of the deposition process is modified or adjustéd to fdrm al
: _if;hiljd.-low-&i'ei_ec!ric copstant material sub-layer 212 (layer number (n-1)} idisposed over and |
B abﬁé the éecond low-dielectric constant mat_sriai sub-layer 208. The third low-dielectric
-' c':oﬂstaﬁt material sub—_lafer. 212 cﬁompri:_ses the same material haﬁng at least onpe different
| parameter, such as density, dielectric constant, adhesic;n, and Young’s modulus, as examples,
than the second Jow-dielectric constant matenal sub-layer 208 in one embbdimcﬁt.
Aitcmaﬁvely, the third lqw—dielcctdc-:coust'ant material sub-layer 212 may comprise a diﬁcrént
maienalthan the second low-dielectric co_nsfant material sub-layer 208.
[0(3321 - Oﬁe or more ,ﬁarﬁmcmrs'of tﬁg,-depééitiqﬁ p;océss i.é:m'odiﬁed or adjustsd to form a
fouﬁhiew-dieicctﬁc constant material sub;laycf 21§ (layer number n) over and abuttmg the ﬁhd ,
low-dielectric constant material sub-layer 2i2_. Thé fourth lowfdielcctri;: cc;nstant material sub-
. layer216 édmi)risé's the safna material haﬁﬂg at !cast one différéntA p&taxﬁe@er, such as &z;:;nsity,
dielectﬁc cénétaﬁt, adhesion, and Ybung’s' mo_dﬁius, as _cxampl-es; than the third low-dielcctrip i
constant material mlbel-ayer 212 in one éuiﬁddﬁcnﬁ Mt;maﬁveiy, the fourth IOW—die;Iccﬁic‘ o |
th material sub-layer 216 may comprise a.‘d_iﬁ'creni material ﬁnan th; third low-dielectric

" constant material sublayer 212, . -



low-dielectric constant material sub-layer 212. The fourth low-dielectric constant material sub- layer
216 comprises the same material having at least one different parameter, such as density, dielectric
-constant, adhesion, and Young's modulus, as examples, than the third low-dielectric constant material
sub-layer 212 in one embodiment Alternatively, the fourth low-dielectric constant material sub-layer
216 may comprise a different material than the third low-dielectric constant material sub-layer 212. -17
- (0033] The total number of sub-layers n of the ILD layer 202 preferably comprises three or more, and

may compiggsjive %%&lﬁmrm%&ehwﬁéwi%@@?&ﬁ% Ry pe deposited

over the top low dielectric constant material 216, before or after patterningthe LD Iayer 202, as

shown. [0QR4d GGG 3 dyaggeéﬁ@opm&% REGHOBRbYIaN B Fnemiapiid USIPLER EE 130Q Baving many
ILD layers 302 (shown as 302a through 302g), as described herein with reference to ILD layer 102, of

Fig. i and L1 %@6@&%5%% 1R TAGHY eSrHN-AE RS ARCE WitR 8D G RIG S 8RRgIReNt of the

present mvent ion. Figure 3 illustrates a portion of an integrated circuit embodying aspects of the

present mmt@gr ﬁ@l?%tk‘ﬂdl@-ﬁ_ device 300 includes a substrate 320 comprising a single
‘semiconductor wafer, such as a single crystal silicon wafer. Alternatively, the substrate 300 may
comprise a thin silicon layer, formed over a burled OXId uch as a 5|I|con on-insulator (SOD

substrate, B ¥her sBigHeOhHlvstEiesmeEHEcckiom] _ d%‘f@ﬁ@z@@%rmed in the

substrate 300.. The component region 322 may comprlse a flrst
many ILD Iayers 302 (shown as 302a through 302g), as dcscubcd herein thh reference to ILD

layer 102 of Fig. 1 and ILD fayer 202 of Figure 2, manufacmred in accordance with a preferred _ _' -
' ,embodlmcut of the present invention. Figure3 zlimtraies a portion of an integrated cirouit
: embodymg aspects of the present invention. In partlcular device 300 includes & substrate 320 '
comprising a single semcoaductor wafer,_ such as a singlé érystal silicon wafer. Altcmanveiy,
the substrate 300 may comprise a thin silicon layer formed over a buded oxide, such asa siiicbzi-; '
on-insulator (SOI) substrate, or oiﬁer semiconduct;ar materials, as examples. A componeﬁt_
rcgmn 322 is formed in the substrate 300.. The componf:nt regmn 322 may compmse a first
transistor and a second transistor, separated by an isolation regwn, as shown, alth()ugh the -
component region 322 may aliernatively comprise other elements or cm:uxts, for example. Thsée_ |
may be many component regions 322 formed in the -sﬁbstrai_s -(ﬁot s_hown}.v The details ;egardingl: .
the fc_;nnaﬁoﬁ- of fﬁe cbmpo:ient regions 322 are omitted becausc they'areAnot. necessary for afi
) | understandmg ﬁf the invénﬁon.
[0035] - The séiniconductor devicc 300 inclu&es a stéck of ten or more mctalliz’aﬁon iajers"
- disposed Vover the camponeui: region 322, & shown. The metaﬂlzanon layers connect the
" .campencnt ze_gmn 322 t0 other tramszstors and dcvmes (not shown) on the mbegratcd cucmt,

o -mcludmg ground nodes aﬂd voltage nodes The mcta!hzaﬁon Iayers also connect the vanous o : '
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transistor and a second transistor, separated by an isolation region,.as shown, although the
component region 322 may alternatively comprise other"elements or circuits, for example. There may
-be many component regions 322 formed in the substrate (not shown). The details regarding the
formation of the component regions 322 are omitted because they'are not necessary for an
understanding of the invention. [0035] The semiconductor device 300 includes a stack of ten or more
metallization layers - disposed over the component region 322, as shown. The metallization layers
connect the component region 322 to other transistors and devices (not shown) on the integrated

circuit, including %round)gé %s and voltage nodes. The:metallization Ia ers also connect the various
14 . cortBBREHE} S B S R T R S AR GBI ernal to the

integrated cwcw; deV|c %036] A dielectric layer 324 overlies and electrlcally insulates the component
regions “6r on the substrate 320 from subsequently formed layers, such as metal

layer 332. Electrlcal contact to the component regions 322 formed within or on the substrate 320 is

accomplighad by wadicietniariss326witipn ghdanieetdntijomialars3Racanp lieie ctjiolaysa2324. In the

illustrated embodiment, only one contact is shown connecting to a doped region of a transistor of the
compondntrgidihaiat, dothelsutiy@ 30 (e chibstiyaant yillreabinizs, thek antitpldgentiols may be

made to the component regions 322, including connection to other doped regions and to the gates of
the commem@mtw&wmmﬂwmmaﬁaimmw on the substrate 320 is
| 'a;ccomplished' by way of contacts 326 through an etch-stop layer 328 and dielectric layer 324. In
the illustrated ex.nbodimcuf, only one contact is shown connecting to a doped region ofa
transistor of the component region 322, for clarity. One skilled in the art wﬁl recognize that |
- mulfiple contacts may be made fo the component regions 322, including connection to other
| doped regions and to the gates of the component region 322, although these have been omitted
from the drawings for clarity. A fitst n;etal pattern 332 is formed above the component region
322 and 1s electrically coupled to the c-:amponent region 322 via contacts 326. 'ﬁu’s first metal
patiem 332 is electrically Mtﬁ from other conductive ‘componf:ngs by dielectric layer 330,
eich stop Iﬁyer 5'328, and by dielectric layer 324. The dielectric Iaj}ers 330 and 324 Ay comprise
‘silicon dioxide, un&iopcd silicon glass (USG) ‘or low-k materials; for example. - - | |
[D(B?] An etch stop Iayer 304ais dcp051tcd over the dielectric layer 330 as described hercm.
with reference to_etch stop layer 104'in Figure 1 and 204 in Figure 2. Three or maore Iow-
dielectric constant material sub-layers 3062, 3082, aﬂd 3 12a are formed sequentially over the
-‘ jc:t‘ch stop layer 304a, as shown, also as described w1th reference to low-d_iclectric constant
| material sﬁb—iaycrs 106, 108,and 112 i Figlirs 1 and low-dielectric.constant material sub-layers
206,208, and 212 in Figure 2. Adjacent 10v§~dieleci1-ip constant material sub-layers §O6a and
3082 preferably comprise af least one material property &iffcrence. Similarljf, adjas_ent.iow—

dielectric constant material sub-layers 308a and 512a préferably comprise af least one material
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from the drawings for clarity. A first metal pattern 332 is formed above the component region 322 and
is electrically coupled to the component region 322 via contacts 326. This first metal pattem 332 is

- electrically insulated from other conductive components by dielectric layer 330, etch stop layer 328,
and by dielectric layer 324. The dielectric layers 330 and 324 may comprise silicon dioxide, undoped
silicon glass (USG) -.or low-k"materials; for example. [0037] An etch stop layer 304a is deposited over
the dielectric layer 330, as described herein with reference to etch stop layer 104 in Figure 1 and 204

in Figure gropitediferaee i wiclapliaeaIEh! Materinl SRiaie@ 3008, &Q%i&n% lgp are

formed sequentially over the etch stop -layer 304a,-as shown, also as described with reference to

low-dieledsjeirdsaninmalgiabaybr aueadRBikos camsbdd 21 G Bo4;alxdlow-dielectric, constant
material sub-layers 206,208, and 212 in Figure 2. Adjacent low-dielectric constant material sub-layers

306a an preferably .comprise at least qn erial property difference. Similarly, adjacent low
dielectriglé}ggééiantﬁ?@?gﬂ%ﬁ%@%ﬁ%%%gap?@éﬁ faeddtsiea ditmantaterial -15
property difference. The sub-layers 306a, 308a, and.312a preferably comprise the same material
deposited Conthuous ARERE ér‘rﬁ’& e dgﬁ%l%ﬁ'ﬁ &5 bAEehB oAl IadeiThe low-K

o tne oA SSRGS o AL T PR e oReftedbes i 3408
may b TR Sl ke e gl eendueslns, St Aleaiye, he conducie
pattermed. The plurality of low-k material sub-layers _305&, 3082, and 3 128 are preferz‘lbly -
- pattcmcc_i as a_singie layer. A conductive material such as copper is deposited over the patterned
- low-k material sub-fayers 3064, 308a, and 312a, and excess conductive material is ;'emoved from
thc top surface of the fop low-k material sub-layer 312a, using a chemical-mechanical polish
(CMP) process, for example, forming conductive lines 3484 and vias 34éa.that make e{ectricai
contact to canductive fine 332, as shown. Con;iuctive lines 348a and vias 346a form a sin;;ie
metallization Ia.yer of the semiconductor device 300. Barrier liners and seed layers may be

.deposited before filling the patterned low-k material Asub-layers 3062, 3082, and 312a with

- conductive material, for example, not shown.

[0039) The ﬁroccss is repeated to form a plurality ()_f additional metallization layers, as
_ d_eécribed hcrein and with refér_cnce to ILD layers 302b, 302c, 3024, 302¢, 302f,7 and 302g and
etch stop layers 304c, 304d, 304e, 3041, azﬁ' 304g. While sciff_:n'iayers of ILD l&}ers are shown
in Figure 3, tilere may Ee more, or fewer I[;B layers formed from three or more 10-w—-k‘ material
sub-lagers 306, 308, 20d 312 (s;m in Figure 3 as 306a-306g, 3082-308¢, and 3122-3 12g) on
- the semiconductor device 300. | | |
: -{0_640} | | Note that the etch stop layer 304b may be deposited over the t;)p low-k material sul}

layer 31Za either prior ta, or after, the patterning of the low-k material sub~1£jr'ers 312a, 3084, and

-16- |



patterned The plurality of low-k material sub-layers 306a, 308a, and 312a are preferably patterned as
a single layer. A conductive material such as copper is deposited over the patterned low-k material
-sub-layers 306x, 308a, and 312a, and excess conductive material is removed from the top surface of
the top low-k material sub-layer 312a, using a chemical-mechanical polish (CMP) process, for
example, forming conductive lines 348a and vias 346a that make electrical contact to conductive line
332, as shown. Conductive lines 348a and vias 346a form a single metallization layer of the
semiconductor device 300. Barrier liners and seed layers maybe deposited before filling the patterned
low-k matffat diihe aiebrsigdayer 308uisaaposioytibebnatcnatenshsabiday eo S &% ampido st shown.
[0039] The process is repeated to form a plurality of additional metallization layers, as described
herein an@aihiseRiGndestd matialak-Boes 33¥n 3080 and30e, tho 2tchHarsazey 39db arst stop layers
304e, 304d, 304e, 304f, and 304g. While seven layers of ILD layers are shown in Figure 3, there. may
be more, b@Péﬁ@é}eilDﬂé@léﬂgféﬁhq@dﬁ?mEm@bﬂdWﬁbﬁéﬁ@WakWéfﬁﬁ%Ia%ﬁlsa@d@%% and 312
(shown in Figure.3 as 306a-306g, 308a-3088, and 312a-312g) on' the semiconductor device 300.

100401 N@t@m@@qﬁ@%m@mm&mm ddepsitda dYeradé48pIAtL kernactiialsub- layer
312a either prior to, or after, the patterning of the low-k material sub-layers 312a, 308a, and -16 306a.

If the etch'féttffsc]w«m @M@@é&@p@@ﬁé&mm&l@mﬁ%ﬁ@tﬁﬁ%@#@iﬁmﬂ% dhengatterning of
the low-k material sub-layers 312a, 308a, and 306a, the etch stop layer 304b must '
the CMP process to remove excess conductive material. -

{0041} Processing of the scmicoﬁc_luctor device 300 is-then conﬁﬁued to co_mplete the
device. For example, an efch stop layer 314a may be deposited over the top ILD layér 302g, ‘and
a dielectric layer 334a may be deposited over -the etch stop iﬁycr 314a. The dielectric layer 3342
may be patterned with a via to comtiect o conductive ﬁne 348g, and a conductive material maf '
be deposited to ﬁﬂ the Vlapaﬁcm Another etch stop layer 336a may be deposited over the
-dielectric Iayer 334, and another dickctric layer 33 Sé may be deposited over the etch stop layer
- 336a. Conducti_ve_t- lines 350a m:;Ly be formed in the dielectric dayer 338 and eich stop layer 336a

by. péftérﬁjﬂg the dielectric layer 3382.and etch stop layer 3362 and depositing a cbnducti_ve |

. material. Additional dielectric layers 334b and 338 b'and etch stop layeré EIfib_apd 336b may be
s_imilariy depasited, ﬁattemed and filled-to form viag and condﬁctive‘ fines 350b in single
damasoeue- proc;esses, as reqmred. Additional etch stop layer 340 and insulating layers 342- and

"344 may be deposited over the dieicc&ic layer 338b and conductive lines'BSGb, as shown.

| [0042]  Dielectric layers 334a, 3383, 3A3.4b, and 338D {(being thelto.p‘ ée;}efal dielectric layers
“in which are formed metal patterns 350z and 350b, respectively) are préferaﬁly fom;,eci ofa

_ ma}:crial having a dielectric ccnm m the range of al_)lorit 3.0 to 4.2, m one embodiment, Oﬁe
| exemplary such material is unddped silicon glass (US&}) that mgi_jr be spun pnto the suﬁstratc

- suiface and-subs'equcnﬂy patterned. In other instances, FSG or other well-known alternatives,
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be patterned in addition to the patterning of the low-k material sub-layers 312a, 308a, and 306a so
that electrical contact will be made from vias 346a-3469g to 332 and 348a--348f , respectively. The
etch stop layer 304b protects the top low-dielectric constant material sub-layer 312a during the CMP
process to remove excess conductive material. [0041) Processing of the semiconductor device 300 is
then continued to complete the device. For example, an etch stop layer 314a may be deposited over
the top ILD layer 302g, and a dielectric layer 334a maybe deposited over the etch stop layer 314a.

Ihe eSS o IS YRS SRS 3800 0 e

conductive material eposite via pattern. p}iafyer

depasied gt dislecticlaer Sta,and analber die QU Aver A20A ey De flgppsited over e

etch stop layer 3 nductive fines amay rmed In the dielec yer a and etch stop

layer 336%0%&31}?@3%@% 'eﬁ%%%é%wo%g’%éﬁ%g 5%%@% layer 336a and depositing a.

conductive material. ittonal dielectric 1ayers and etch stop layers 314b.and 336b
maybe similarly deposited, patterned and filled to form vias and conductive lines 350b in single
damascetédpbcesdigums 4ddhirughsdutionareschretiopabyiavaad aisthativel etibgdiseats @Reand 344
maybe deposited over the dielectric layer 338b and conductive lines 350b, as shown. [0042) Dielectric
layers 339e5888ay364b, dndie3sbydiaien triestbhsevefoimied dcthicfizsydew-inmahicH sue-forened metal
patterns 350a and , 350D, respectively) are preferably formed of a material having a dielectric
constant #fisand irectrhaiton ie@ 03042 dncoductrsdoginidte Onfrorémplarsesuctonaterial is

undoped silicon glass (USG) that may be spun onto the substrate
material sub-layer 308a and the third low-k material sub-layer 312a, as shown in Figures 3 and

4A. In another embodiment, vias 446 are formed in an etch stop layer 404, a first low-k material
. __sub—lajer 406, and a second low-k material sub-layer 408, and condﬁctive lines 448 are formed
in a third low-k material sub-layer 412, as shown in Figure 4B. In yet another embodiment, vias
346 are fﬁximed inan etch stop iayer 504, a first low-k material sub-iayerl 506, a seéoud low-k
material sub-layer .;308, a third iow~k-m_a&tezizﬁsu5~1aycr 512a, and a fogrth low-k ﬁaterial sub-
| layer 512b, and conductive lines 548 are formed in a fifth low-k material sub—laycf 5i2canda
sixth low-k material sub-layer 512d, as shown in Figure 4(3. Similarly, was may be formed in
one or more Jow-k material sub~iayprs; and conductivé lines méy be formed in oné or more low- -
k material sub—layer# in accordance with embo;iiments of the present iavcnﬁon;
- 0044] | Advantages of cmbodiménﬁs‘ of the invention include providing a novel muiti-levei |
iil;ccrcoﬁneqt Séheme for semiconductor devices that provides a low-dielectric constant ILD fayer l
. mth optimum material propefﬁés o reduce the RC time de!.ﬁy in r.nu_itid'evel metallization
. structures. More robust multi-level inter-connect layers result from th;a method of @ﬁacmdng
described herein, having improved structural strcugth. Embodiments of the present invc_ntion

result in increaséd_yieid‘s and improved reliability. .
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surface and subsequently patterned. In other instances, FSG or other well-known alternatives, 17
having acceptably low-k characteristics, may alternatively be used. While the layer thickness is a
‘matter of design choice and process control, the upper layers are preferably deposited to a thickness
in the range of from about 6,000 to 15,000 Angstroms. [00431 Figures 4A through 4C show
cross-sectional views of alternative embodiments of the present invention. In one embodiment, vias
346a are formed in the first low-k material sub-layer 306a and the etch stop layer 30%4a and
conductivelidss 34&elthmgh)mlimsiim@!ﬁé%@WWW-@V%@’%%%H%@E%%%@t & third low-k
material sub-layer 312a, as shown in Figures 3 and. 4A. In anothe embodime(?t, vias. 446 are formed
in an etch dtemibayerdd, i fretibbe-todrasaed) thal NIRRT AEBESH S BSHBEERS 1B THAE A, b-layer
408, and conductive lines 448 are formed in a third low-k material sub-Ja %ro%géi %sqsq%wn in Figure
4B. In yet annthie henibpitimelrdsnidis SaBaiie ﬁﬂlﬁqéd“iﬁcéﬁee?éﬁhgt@b’%%ﬁl HFtPlow-k material
sub-layer 506, a second low-k material sub-layer 508, a third low-k mﬁ@%?l S b-f%?% ?lZa and a
fourth low-4ppoatetidbisub FayerspRbitand beridaiatrae sl ByAresoriite it AR IBW-K Aaterial
sub-layer 512c and a sixth low-k material sub-layer 512d, as shown in Figure ééDC. imilarly, vial may
be formed dfietfiatoremfnetonslororsesemlasd rpiganls GeerbeR daREy a2 HES DA med in one of
more low- k material sub-layers in accordance with embodiments of the present invention. [00441
Advantagesmafisinabedin értscoplobthnemsion ieinienp rdorantsathovann tﬁi%\%ffs?ﬁferconnect 7

scheme for semiconductor devices that provides alow-dielectric constant ILD layer .
application is not intended to be limited to the particular embodiments of the process, machine,

‘manufacture, composition of matter, means, methods and steps described m the speciﬁcatiom

As one of ordinary skill in the art wﬂirfaadily appreciate from the disclosure of the present
invention, processes, machines, manufactt;ré, compositions of matter, means,\ 'matho;is., or steps,
presently 'sxisting or later to be developed, that pcrform substantially the ;amé: funct%on or
achieve substantially the same result as the cmrrespouding embodiments described herein may be
utitized according to the present invention. Accordingly, the appended claims are initended to
include wfchm their scope such processes, xﬁabhincs, manufacture, compositions of matter,

means, methods, or steps.



with optimum material properties to reduce the RC time delay in multi-level metallization structures.
More robust multi-level inter-connect layers result from the method of manufacturing described herein,
having improved structural strength. Embodiments of the present invention result in increased yields
and improved reliability. 48 [00451 Although embodiments of the present invention and their

advantages have been described in detail, it should be understood that various changes, substitutions
and altera LR Che MR Berein without departing from the spirit and scope of the invention as
defined by the appended claims. For example, it will be readily understood by those skilled in the art

that many1.of the: feathse wiffuactibomrprosessesi-apdiprigials desatibed hesindmaxhe varied while
remaining within the scope of the present invention. Moreover, the scope of the present application is

not intendésl ie: bedimiathéoctigppRiticular embodiments of the process, machine, manufacture,
composition of matter, means, methods and steps described in the specification. As one of ordinary
skill in the art will readily appreciate from the disclosure of the present invention, processes,
machines, mandfaBine 2Bsispodioy GraYRitlesubsEalsS, methods, or steps, presently existing or later
to be developed, that perform substantially the same function or achieve substantially the same result
as the corresporRIee b ivendisteritie apesipnemsienshsubdaxdiivey acdordity te thnst present
invention. Accordingly, the appended claims are intended to include within their scope such
processe$i#fabiffessRBnMHetiNd aoReR) drashenst fnsitanterid ameperiathods, or steps.
forming a second low-dielectric constant material sub-layer over the first low-dielectric
constant material sub-layer, the second low-dielectric constant material sub-layer having at least
one second material property, wherein the at least one second material property is different from
the at least one first material property; and
forming a third low-dielectric constant material sub-layer over the second low-dielectric
constant material sub-layer, the third lJow-dielectric constant material sub-layer having at least
one third material property, the at least one third material property being different from the at
least one second material property, wherein the first low-dielectric constant material sub-

layer, the second low-dielectric constant material sub-layer, and the third low-dielectric

constant material sub-layer form a single ILD layer.

2. The method according to Claim 1, wherein forming the ILD layer comprises forming the
first low-dielectric constant material sub-layer, second low-dielectric constant material sub-layer,
| and third low-dielectric constant material sub-layer from methylsilsesquioxane (MSQ), a MSQ
derivative, hydridosilsesquioxane (HSQ), a HSQ derivative, an oxide and MSQ hybrid, a
porogen/MSQ hybrid, an oxide and HSQ hybrid, a porogen/HSQ hybrid, or combinations

thereof,
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-19 WHAT IS CLAIMED IS: 1. A method of manufacturing an inter-level dielectric (ILD) layer of a
semiconductor device, the method comprising: forming an etch-stop layer over a substrate; forming a
first low-dielectric constant material sub-layer over a substrate, the first low- dielectric constant
material having at least one first material property; forming a second low-dielectric constant material
sub-layer over the first low-dielectric constant material sub-layer, the second low-dielectric constant

material sub-laygr haying gtlzast, pnesseondeleriakBRRALL Wsiin e Ak nasiApasecond

material property is om" the at least one first material property; and forming a third

'OW-die'Q@ i?o%ﬁ%@?&i@&}%@t%ﬁ%@[%h&‘{ Jdhe.saerndawidislecticronsian Rateral sub-layer,

the third Tow-dielectric constant material sub-layer having at least one third material property, the at

least one i maleial 0LAREL:EING LTRICOR I Uhealhleas! 06 secand malerehAApery.
the Tirst low-

wherein lelectric constant material sub- layer, the second low-dielectric constant material

sub-laye&%Qgré%éggq#)%vgﬂﬂg&gjc constant material sub-layer form a single ILD layer. 2. The
method according to &I aim |. wherein forming the ILD layer comprises forming the first low-dielectric

constant material sub-layer, second low-dielectric constant material sub-layer, and third low-dielectric

constant nateriglShldavelfaaneityisise sawRrana e @b B.MERr comprises forming the

first low-dieleciric constant material sub-layer, second low-dielectric constant material sub-layer,

and third low-dielectric constant material sub-layer while adjusting the deposition conditions.

5. The method according to Claim'4, wherein adjusting the deposition conditions comprises

adjusting the gas flow rate, power, or gas species.

6. The method according to Claim 1, wherein the first material property, second material
property, and third material property comprise density, dielectric constant, adhesion, or Young's

modulus.

7. The method according to Claim 1, further comprising forming at least one fourth low-
dielectric constant material sub-layer over the third low-dielectric constant material sub-layer. the
fourth low-dielectric constant material sub-layer having at least one fourth material property,

wherein the at least one fourth material property is different from the at least one third material

property.
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derivative, hydridosilsesquioxane (HSQ), a HSQ derivative, an oxide and MSQ hybrid, a
porogen/MSQ hybrid, an oxide and HSQ hybrid, a porogen/HSQ hybrid, or combinations thereof. 20
3. The method according to Claim 1, wherein forming the ILD layer comprises forming the first
low-dielectric constant material sub-layer, second low-dielectric constant material sub-layer, and third
low-dielectric constant material sub-layer continuously from. the same material in one or more

deposition c@famb rs. 4. The.method according.to Clai wherein forming the ILD layer comprises
forming the Tirst I(;%WI}]L %%%?Er%lgl gf)lﬁgatcatﬂ?nrgﬁt(se?lacgﬂ -%@re%“,ééﬂéjgo o] fg\e/gl}aii;%gf%s%stant material
sub-layer, and thlrg Io%-dlele%glct%o %tar%t@?tgnal sub-layer while adj stlréggeedgposmon

conditions. 5. The'method accor INg 1o A 3, \Wherein & é}ﬂ%%{g%ﬁ%s %%%Sltlo% SBhditions comprises

adjusting the gas {ng {gteé, power, or, a§asg1eg\if%§,[§é ques m thod according to Claim 1, wherein the
first material properf‘ﬁf},1 Second matena prgperty, and third material property comprise density,

dielectric constant, adhesion, or Young's,.modul he method according to Claim 1, further
comprising formingogmne%\%t ohe 85':11 ‘%g%%%’gc@i“é égaﬁrsetlé%‘f%%?eﬁ%ﬁ Ef%-fg%%%?fé e third
low-dielectric con§1ant maﬁrial sub-layer, the fourth.low-djelectri or%stant‘rip terial sub-I #,er having
at least one fourth THATEFA! 5ok ARt iR S dR gt %tjhi? ATE AN §f§tpeé?ﬂff§pd? &fent from

the at least one third material . . : :
wherein at fgast one first conductive region makes electrical contact with at least one component

region of the substrate, and wherein the first ILD layer comprises a single ILD layer and
forming the first ILD layer comprises:
. forming a first low-~dielectric constant material sub-layer over the first etch stop

layer;

forming a second low-dielectric constant material sub-layer over the first low-
dielectric constant material sub-layer, the second low-dielectric constant material sub-layer
having at least one different material property than the first low-dielectric constant material sub-
layer; and

forming a third low-dielectric constant material sub-layer over the second low-
dielectric constant material sub-layer, the third low-dielectric constant material sub-layer having at

least one different material property than the second low-dielectric constant material sub-layer.

0. The method according to Claim 8, wherein forming the first ILD layer comprises forming
the first low-dielectric constant matertal sub-laver, second low-dielectric constant material sub
layer, and third low-dielectric constant material sub-layer from methylsilsesquioxane (MSQ), a
MSQ derivative, hydridosilsesquioxane (HSQ), a HSQ derivative, an oxide and MSQ hybrid, a
porogen/MSQ hybrid, an oxide and HSQ hybrid, a porogen/HSQ hybrid, or combinations

thereof.



property. 21 8. A method of manufacturing a semiconductor device, the method comprising: providing
a substrate, the substrate having component regions formed thereon; forming a first etch stop layer
over the substrate; forming a first inter-level dielectric (ILD) layer over the first etch stop layer; and
forming at least one first conductive region in the first ILD layer and first etch stop layer, wherein at
least one first conductive region makes electrical contact with at least one component region of the
substratgand wherein he skl yer,compriass @ singlc LR ewes And: forpinalthefist ILD layer
comprises: forming a first low-diefectric constant material sub-layer over-the first etch stop~layer;
forming %b%?f‘s)ﬂ%v'u? sflislectis %&’%j%a% ’East%-'%'géybééé’ il 1%"%%% ecﬁ-fétc@%{%ﬂ%%gﬁﬁ %&QStaF“
material sub-layer, the second Tow-dielectric constant material sub-layer having at least one different
material propert tﬁg{u@ the fir t!_lglw-dielggtric an ta,gtlmateria%l sub-.layer; and forming a third

. ° h ! [t & af
ow-dieleliTC EEhSLAN FIA1STsT Sub 12y o Bt TS SBEORC T SIECA R BSTAAY HAtael sub-layer,
the third 'OOW-&J?AG%I% cgsqgg%nthmatgerli_gl sub-layer having at least one different material property than
the second 1oW-dielectrie constant material sub-layer. 9. The method according to Claim 8, wherein
forming the first ILD layer comprises forming

11.  The method according to Claim 8, wheremn forming the first IL.D layer comprises forming

the first low-dielectric constant material sub-layer, second low-dielectric constant material sub-
layer, and third low-dielectric constant material sub-layer while adjusting the deposition

conditions.

12.  The method according to Claim 11, wherein adjusting the deposition conditions comprises

adjusting the gas flow rate, power, or gas species.

13, The method according to Claim 8, wherein the material property of the second low-
dielectric constant material sub-layer and the material property of the third low-dielectric constant

material sub-layer comprise density, dielectric constant, adhesion, or Young's modulus.

14, The method according to Claim 8, further comprising fonrring at least one fourth low-
dielectric constant material sub-layer over the third low-dielectric constant material sub-layer, the
fourth low-diclectric constant material sub-layer having at least one different material property

than the third low-dielectric constant material sub-layer.
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the first low-dielectric constant material sub-layer, second low-dielectric constant material sub layer,
and third low-dielectric constant material sub-layer from methylsilsesquioxane (MSQ), a MSQ
derivative, hydridosilsesquioxane (HSQ), a HSQ derivative, an oxide and MSQ hybrid, a
porogen/MSQ hybrid, an oxide and HSQ hybrid, a porogen/HSQ hybrid, or combinations thereof. 22
10. The method according to Claim 8, wherein forming the first ILD layer comprises forming the first
Iow-d!electlﬂg‘confh%%éqﬁ%gré%l 8&@5@8@ﬁ?CPQdﬁ';%",i‘{ég'ce(')g%g-cicgﬂﬁa“t material sub- layer, and third
low-dielectric constant material sub-layer contintiously from &'8&me material in one or more
deposition chambers. 11. The m tr} ccording to Cl?i 8 erein forming the first ILD layer
comprises formingFOWénﬁ'esltS%@?gig g@tﬁgpcoaﬁse{gﬁ er%%l eerrﬁé?fsfl%?glé%er{’ second low-dielectric constant
material sub- Iaye&) a”dotQiréjcc')%’igB'ﬁ%@C 9 taqnt mgter'haltsu -layer \%/hile adjusting the deposition
conditions. 12. The Method accor Ing 1o G TLEW 2 58]{1 %?ﬂ deposition conditions
comprises adjusting the gas flow rate, power, or.gas species. 13. T ethod according to Claim 8,
wherein the mater%%%? %rﬁ?s 5 eesescgé?é)n D aeler?ggfﬂénc StaRt é&llﬁiegﬁﬁ@ﬁ%nﬁgﬁﬁ’}?he

il RSS! (R s conten el ub v compe ersy ke
fonrring at (!E?esz}s e fi%rléltrtcrt])rllgt\{\éﬁve region, and wherein forming the second ILD layer comprises:
forming a fourth low-dielectric constant material sub-layer over the second etch
stop layer;
forming a fifth low-dielectric constant material sub-layer over the fourth low-
dielectric constant material sub-layer, the fifth low-dielectric constant material sub-layer having
at least one different material property than the fourth low-dielectric constant materia sub-layer:
and
forming a sixth low-dielectric constant material sub-layer over the fifth low-

dielectric constant material sub-layer, the sixth low-dielectric constant material sub-layer having

at least one different material property than the fifth low-dielectric constant material sub-layer.
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dielectric constant material sub-layer over the third low-dielectric constant material sub-layer, the
fourth low-dielectric constant material sub-layer having at least one different material property than the
third low-dielectric constant material sub-layer. 23 15. The method according to Claim 8, further
comprising; forming a second etch stop layer over the first ILD layer, forming a second ILD layer over
the second etch stop layer; and forming at least one second conductive region in the second ILD layer
and secon]é-etcW%%B‘Errg’é},%f’?@?éﬁgﬁg@)&ﬁ@égf6?@@8@6‘“&@6 G TG makes electrical
contact with the at least one first conductive region, and wherein forming the secand ILD layer
comprises: formingrst fOUFHAGHESISRISHR dBRSER A ?£|%Y?6-Pé’y8‘?36\§g1?tfaé’%fe§8 é’g{clﬂ Stop layer;
forming a fifth low-dielectric constant material sub-layer over the fourth low- dielectric constant material
sub-layer FRIETRAGORTATERAEHE QIR S fGaTEARE ﬁfﬁtl’gﬁ&rﬁé\ﬂ‘?‘i’é’egﬂeaﬁ one different material
property than the fourth low-dielectric constant material sub-layer; and forming a sixth low-dielectric
constant materidISSEREYEr GFsF TH-CRRAABNARER St puRstishesrhearaihedsHgRrdiflectitin
low-dielectric constant material sub-layer havingi at least one different material property than the fifth
IOW-dieIe&ﬁ@@@hQﬁﬁT‘%%‘é‘ﬂ@Wl%ﬂdﬁﬂ“’" electric constant material sub-layer having af least

one second material property, wherein the at least one second material property is different from
the at least one first material property; and

a third low-dielectric constant material sub-layer disposed over the second low-dielectric
constant material sub-layer, the third low-dielectric constant material sub-layer having at least
one third material property, the at least one third material property being different from the at
least one second material property, wherein the first low-dielectric constant material sub-
layer, the second low-dielectric constant material sub-iayer, and the third low-dielectric

constant material sub-layer form a single ILD layer.

17. The ILD layer according to Claim 16, wherein the first low-dieieQBjc constant material
sub-layer, second low-dielectric constant material sub-layer, and third low-dielectric constant
material sub-layer comprise methylsilsesquioxane (MSQ), a MSQ derivative,
hydridosilsesquioxane (HSQ), a HSQ derivative, an oxide and MSQ hybrid, a porogen/MSQ

hybrid, an oxide and HSQ hybrid, a porogen/HSQ hybrid, or combinations thereof.

18.  The ILD layer according to Claim 16, wherein the first low-dielectric constant material sub-
layer, second low-dielectric constant material sub-layer, and third low-dielectric constant
material sub-layer are formed continuously from the same material in one or more deposition

chambers.



16. An inter-level dielectric (ILD) layer of a semiconductor device, comprising: a first low-dielectric
constant material sub-layer over an etch-stop layer, the first low- dielectric constant material having at
least one first material property; a second low-dielectric constant material sub-layer disposed over the
first low-dielectric constant material sub-layer, the second low-dielectric constant material sub-layer
having at Ieast one second material property, wherein the at least one second material property is

diferentfiom 4R NS (i Ialeal RiopaiAnG 2AG I slelectio consiant materia

sub- Iayer |spose over the secon z1ow fic constant ma erla -dielectric

constant ﬁifﬂ?!ﬁ L9 hird mater 'ope t least ope third material
property er‘%%ﬂ? erent ? z{éﬁ%ﬁgﬁr&e&?ﬁ%n §§%:énﬁgr%é§erlaf%ropgrs¥§? v\/ia"fglreln e%ﬁ&f%w dielectric

constant [ Eﬁ:ﬁ@ sub- layer, the second low-dielectric constant material sub-layer, and the third
low- dlelectrlc constant material sub-layer form a single ILD layer. 17. The ILD layer according to Claim
16, wherein the first low-dielectric constant material sub- Iayer second low-dielectric constant material

sub-layeragnd oy leleglis aapsiRnmalerial SBIAYRLARIALSE e ylsjsRsauioxane (MSQ)
a MSQ derivative, hydridosilsesquioxane (HSQ), a HSQ derlvatlve an oxid MSQ hybrid, a

porogen/MSQ. Ay st A AXde: AR SR hyisidd SRONIBRTIS Q- Mvkrid; or combi %{é L*I% ereof. 18.

The ILD layer according to Claim 16, wherein the first low-dielectric constant materi yer,

second layrdiglecisicaanstanianatesiakarbHays %ﬂg-g%g ﬂQan' SR G ORI haterial

property, wherein the at least one fourth material property is different from the at least one third

material property.
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material sub-layer are formed continuously from the same material in one or more deposition
chambers. 25 19. The ILD layer according to Claim 16, wherein the first material property, second
material property, and third material property comprise density, dielectric constant, adhesion, or
Young's modulus. 20. The ILD layer according to Claim 16, further comprising at least one fourth low-
dielectric constant material sub-layer disposed over the third low-dielectric constant material sub-

layer, the f%rth I%w-dielecgdc copstant mrgtggg _sub-layer having at least one fourth material property,

wherein thé at least'one fourth ma erlé?oprgper is different from the at least one third material

property. 26 21. %\ sen ic enﬁx%ct% s%gt\éiﬁgﬁgn ' éﬂ%t%%\%ﬁﬁﬁ%&e%&%trate having component

0
regions formed thereon; & first etch stop layer dispose e substrate’ a first inter-level dielectric
(ILD) layer dlspoff‘ef%é?éﬁr thte f asteﬂﬁgl Sto@d@éﬁﬁe%%%s tJ[g,ast one first conductive region formed in the

first ILD layer an Cc}hs's0 p¥ayer,p0v%/?1ereln at [east oné first conductive region makes electrical

Coptac i o st 7 SPRRCIEL 2300 10 siais S RERA UG b fdovr 22 sl
at least one first conductive region formed in the first ILD layer and first etch stop layer,
wherein at least one first conductive region makes electrical contact with at least one component
region of the substrate, and wherein the first ILD layer isa singie ILD layer comprising:

a first low-dielectric constant material sub-layer disposed over the first etch stop
layer;

a second low-dielectric constant material sub-layer disposed over the first low-
dielectric constant material sub-layer, the second low-dielectric constant material sub-layer
having at least one different material property than the first low-dielectric constant material sub-
layer; and

a third l_ow-diekectric constant material sub-layer disposed over the second low-
dielectric constant material sub-layer, the third low-diclectric constant material sub-layer having

af least one different material property than the second low-dielectric constant material sub-layer.

22, The semiconductor device according to Claim 21, wherein the first low-dielectric
constant material sub-layer, second low-dielectric constant material sub-layer, and third low-
dielectric constant material sub-layer comprise methylsilsesquioxane (MSQ), a MSQ derivative,
hydridosilsesquioxane (HSQ), a HSQ derivative, an oxide and MSQ hybrid, a porogen/MSQ

hybrid, an oxide and HSQ hybrid, a porogen/HSQ hybrid, or combinations thereof.
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layer; a second low-dielectric constant material sub-layer disposed over the first low- dielectric
constant material sub-layer, the second low-dielectric constant material sub-layer having at least one
different material property than the first low-dielectric constant material sub- layer; and a third
low-dielectric constant material sub-layer disposed over the second low- dielectric constant material
sub-layer, the third low-dielectric constant material sub-layer having at least one different material

propery than therggconst I cisioelis consians matl sutiaver, 22 The semicanductor device

according to Claim 21, wherein the first low- ctric consfant material su 0-T\éfyer

low-dielectri i -layar, and. third.low- dielectric constant material sub-layer
comprise %&%&%ﬁ%@gr@e&%\fﬂgQ % afol\% %é%\?agt}i[)\?ég, {; ?% %%?%%sqc? lechX%nEire &‘y,'a HSQ

derivative, an.oxide.and MeQ hyhrid &%8%%3{9 SQ _hybrid, an oxide and H %;‘l brid, a
porogen/HSQ hybrid, or com %tions&hereo : ’\62% eostgl%%:%rﬁ%%%rn %n\ﬂ%e &%8?8#{9 to Claim

21, Where;%;ke(ﬂﬁ;gf%ﬁdgﬁ%gﬁgégs constant material sub-layer, second low-dielectric constant material
sub-layer, and third low- dielectric constant material sub-layer are formed continuously from the same

material in one or more deposition chambers. 24. The semiconductor device according to Claim 21,

wherein the;differgtamaieiialmerely. abibriseenddew-dislaciin ongiantmatetialsykilavsr and

third low-dielectric constant material
of the second low-dielectric constant material sub-layer and third low-dielectric constant material

sub-layer comprises density, dielectric constant, adhesion, or Young's modulus.

25. The semiconductor device according to Claim 21, further comprising at least one fourth
low-dielectric constant material sub-layer disposed over the third low-dielectric constant material
sub-layer, the fourth low-dielectric constant material sub-layer having at least one different

material property than the third low-dielectric constant material sub-layer.
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sub-layer comprises density, dielectric constant, adhesion, or Young's modulus. 25. The
semiconductor device according to Claim 21, farther comprising at least one fourth low-dielectric
constant material sub-layer disposed over the third low-dielectric constant material sub-layer, the
fourth low-dielectric constant material sub-layer having at least one different material property than the
third low-dielectric constant material sub-layer. 28 26. The semiconductor device according to Claim

21, further gomprging. 2 SRERN SLeRSIRRIaNE Wiensses oNphthedinstilitylayer; a second ILD layer

disposed over the second etch stop layer; and at least one second conductive region disposed in the

second ILD layer,and,seeandisihystoR/RYe (uhereinbea igast one second conductive region

makes electrical contact with the at least one first conductive region, and wherein the first ILD layer

comprises: a fourth low:digleairic sapstanbreater@ksHbdangigispesesver the second etch stop

layer; a fifth low-dielectric constant material sub-layer disposed over the fourth low- dielectric constant

material sub-layey, the b Jow:dlieleeitic; consiantragiesiALsHblayekex g ataleast anecifferent

material property than the fourth low-dielectri¢ constant material sub-layer; and forming a sixth

R

Iow-dielectgtcizJ o
sixth low-dieleciric tonstant material sub-layer having at least one different material property than the

fifth Iow-dielléaag% r(i)%ecﬁ’rrs'? E%H&ﬁ@t%@ rljgéigﬁ,ba'.@%arein the first ILD layer comprises:

a fourth low-dielectric constant material sub-layer disposed over the second etch
stop layer;

a fifth low-dielectric constant material sub-layer disposed over the fourth low-
dielectric constant material sub-layer, the fifth low-dielectric constant material sub-layer having at
least one different material property than the fourth low-dielectric constant material sub-layer; and

forming a sixth low-dielectric constant material sub-layer over the fifth low-
dielectric constant material sub-layer, the sixth low-dielectric constant material sub-layer having

at least one different material property than the fifth low-dielectric constant material sub-layer.

27.  The semiconductor device according to Claim 21, wherein the first low-dielectric
constant material sub-layer comprises a first Young's modulus, wherein the first Young's
modulus is greater than a second Young's modulus of the second low-dielectric constant material

sub-layer and a third Young's modulus of the third low-dielectric constant material sub-layer.
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27. The semiconductor device according to Claim 21, wherein the first low-dielectric constant material
sub-layer comprises a first Young's modulus, wherein the first Young's modulus is greater than a
second Young's modulus of the second low-dielectric constant material sub-layer and a third Young's
modulus of the third low-dielectric constant material sub-layer. 29 28. The semiconductor device
according to Claim 21, wherein the first low-dielectric constant material sub-laver comprises a first
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second low-dielectric constant material sub-layef and a third dielectric constant of the third

low-dielectrig,ganstaptmatenial sup - icond. ' ' im 21,
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low-dielectriranstaniRatanalseid ageand diadHrd o elReiia consiant BaleHalsubripyer. 30

sub-layer and a third dielectric constant of the third low-dielectric constant material sublayer.

29, The semiconductor device according to Claim 21, wherein the first low-dielectric
constant material sub-layer is more adhesive than the second low-dielectric constant material

sub-layer and the third low-dielectric constant material sub-layer.
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