G adi ent Low K Material FIELD OF THE | NVENTI ON [ 0001] This invention
relates generally to the formation of low permttivity dielectric

materials and nore particularly to the formation of a low permttivity
dielectric layer having a gradient permttivity constant across the

t hi ckness of the | ayer and structures fabricated using same. BACKGROUND

[ 0002] As seniconductor device int egration continues to advance, device
geonetries continue to shri rﬁ I er ce geonetries require thinner
thin filmlayers used in the “h# afﬁ'é%]e devi ces, including
thinner dielectri.-c |ayers. As device den5|ty beconmes greater and
dielectric layers becone thinner, inter |evel parasitic capacitance becones
an i ncHEBED M VTHEIIYVENT¢ORt problemin terns of device perfornmance. [0003]
Prior art approaches to reduce parasitic capacitance incI ude the use of |ow
perm’ttlb/ i/ ocalledlowk dielectric materials. |caII1y materi al s
having & ‘B’é i tfr iRYengon {?@t%CBWakihH{théfO@aPP%@ﬂomeﬂél bagilectrice. | about
3.9, are terned low k dielectrics. Such low k dielectrics used in lieu of
traditi &rddriads axdanere partigeledy tethe famatipreelovt promistipiic dickenicie linet heeng ae. g. |
metal interconnects. [0004] Low k dielectrics suffer from several

di sadvagtasipas perimitiieite cons@neacodss thvethicknessoS the layer and structures fabricated using

same.
BACKGROUND
[0002] As semiconductor device integration continues to advance, device geometries

continue fo shrink. Smaller device geometries require thinner thin film layers used in the
manufacture of those devices, including thinner dielectric layers. As device density becomes
greater and dieléctric layers become thinner, interlevel parasitic capacitance becomes an

-increasingly significant problem in terms of device performance.

[0003] Prior art approaches to reduce parasitic capacitance include the use of low
permittivity or so-called low k dielectric materials. Typically, materials having a permittivity
value below that of silicon oxide (Si0,), i.e., about 3.9, are termed low k dielectrics. Such low k
dielectrics used in lien of traditional dielectric materials can lessen the capacitance between, e.g.,

- . metal interconnects.

[0004] Low k dielectrics suffer from several disadvantages, however. One of the foremost
disadvantages is that low k dielectric materials tend to have poor mechanical properties, such as
poor adhesion and poor mechanical strength. These shortcomings result in diminished device

yield, reliability, and overall performance.



di sadvantages is that low k dielectric materials tend to have poor
mechani cal properties, such as poor adhesion and poor nechanical strength.
These shortcom ngs result in dimnished device vyield, reliability, and
overall performance. | [00051 What is needed, therefore, is a lowk
dielectric material that overcones the nechani cal shortcom ngs of
traditional low permttivity dielectrics. 2 SUMVARY OF THE | NVENTI ON [ 0006]

| i y diel 2 SUMVARY CF THE | NVENTI CN [ 0006
ayer aoued &i oA FURER MR oI BEe bRl bl b T | ayer
havi ' t hat . ' : tantiall Lformy f the t ti

Lo the oBtEARCHShoR Bt GiepHtIhE Phatetsdectidl,” o coomt i nvention

provides for a method of formng a dielectric |ayer on a substrate. The
met hod i ncl udes begi nning a chem cal vapor deposition of a dielectric
material on the substrate by introducing at |east two gases to the
substrate and varying the flow rate ratio of the at | east two gases during
deposition of the dielectric material so as to substantially uniformy vary
the concentration of at |east one of the at |east two gases in the
resulting dielectric layer. [0008] In yet another aspect, the present

i nvention provides for a nethod of formng a



dielectric layer. The nmethod includes formng a dielectric |ayer over a
substrate and exposing the top surface of said dielectric |ayer to a

pl asma. The pl asna exposure continues until the dielectric |ayer has a
desired density profile. [0009] The foregoing has outlined rather broadly
the features and technical advantages of the present invention in order
that the detail ed description of the invention that follows may be better
under st ood. Additional features and advantages of the invention will be

descri begUhaarvabE sHREMVENTONN t he subj ect of the clains of the
i nvention. It should be appreciated by those skilled in the art that the

conception and specific enbodi ment disclosed may be readily  utilized as a
basi s f ol00RR)di f yirrge atpedle tieprssay invantion provides frradhinfilprdidedselryéor carr yi ng
out the same purposes of the present invention. It should also be realized
by t hos ecosigirisingd: toppottien and a bbigim Borsion,Hhe dielevaicdater bavisg 4 dedsitp st dariegot
depart fromthe spirit and scope of the invention as set forth in the

appende dsubbtativtly whifGiilfFroREBERIpHo (ofheThdt:oRRANINGS [ 0010] For a nore
conpl ete understandi ng of the present, invention, and the advantages

t her eof erence i s now e to the follow ng descriptions taken in
conj unct [loéﬁ-hvm t Ir‘lfnlaﬂ EI%EW%WFW&“ W sRtionggovides fogs mgthod of forming a dielectric

layer on a substrate. The method includes beginning a chemical vapor deposition of a dielectric
material on the substrate by introducing at least two gases to the substrate and varying the flow
.rate ratio of the at least two gases during deposition of the dielectric material so as to
substantially uniformly vary the concentration of at least one of the at least two gases in the

resulting dielectric layer.

[0008] In yet another aspect, the present invention provides for a method of forming a
diglectric layer. The method includes forming a dielectric layer over a substrate and exposing
the top surface of said dielectric layer to a plasma. The plasma exposure continues until the

dielectric layer has a desired density profile.

[0009] The foregoing has outlined rather broadly the features and technical advantages of
the present invention in order that the detailed description of the invention that follows may be
better understood. Additional features and advantages 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 embodiment disclosed may be readily
utilized as a basis for modifying or designing other structures or processes for carrying out the

same purposes of the present invention. It should also be realized by those skilled in the art that



[0011] Figure 1 illustrates a prior art sem conductor device; [00121
Figure 2 illustrates a sem conductor device enbodying illustrative features
of the present invention; [0013] Figure 3 illustrates a density profile of
an illustrative enbodi nent dielectric layer; [00141 Figures 4a and 4b
illustrate a density profile of alternate illustrative enbodi nent
dielectric layers; and [0015] Figure 5 illustrates an illustrative

enbodi j ' i ; e DETAI LED

pEscrt e BEREL i GLon i BPRRRR o B PR ARG FRffonar e fon  ne
presenthymg%géﬁhhfaaﬁgpodinents are discussed in detail below It should
be apprecrated, however, that the present invention provides nmany
applicable inventive concepts that can be enbodied in a wide variety of
specific contexts. The specific enbodinments discussed are nerely
illustrative of specific ways to make and use the invention, and do not
limt the scope of the invention. [0017] Figure 1 schematically illustrates
a representative integrated circuit 2 including a MOSFET device 6 fornmed
on a substrate 4. The substrate 4 nay be a conventional bulk substrate,
such as a single crystal silicon wafer, or nmay be a sem conductor |ayer,
such as silicon



silicon-germanium or the like, formed over a buried oxide layer (not
shown), which in turnis forned over a supporting substrate of, e.g.,
silicon, quartz, glass, or the like (i.e., a silicon on insulator, or SO,
substrate) MOSFET 6 conprises a source 8 and drain 10 region forned in
substrate 4 and defining.a channel region therebetmeen MOSFET 6 further
conprises a gate -electrode 14 overlying the channel- regi on and separ at ed
-therefrom by gatedielectric 12 as is well- known in the art. Typlcally,

gate spg;gggri@mﬁ@g@%dl- gate electrode 14 and are” used .in the
formati on of source rain regions 8 and 10, respectlvely, as iI's known
inthe art. [0018] Figure | also illustrates electrical- ‘gonnections to the -

source 4% 0dir ai For egomendldnundetdandirgsefdhe pm&lnymvemanhm&the mhahtagent acts
18 and 20, respectively, making electrical contact to source and draln
regi ons ﬂ&rmfdreﬂdﬂencb ésipecinadeioythe Al wigy d&&xﬁ;jtldnﬁlt&éﬁﬁm@ﬁﬁinﬁtuﬁﬁwﬂﬂﬂ1624
respectively. Dielectric |ayer 26 overlies MOSFET 6 and electrically -

i nsul at escdnfiRngiay desvihgsOm wisiblesequent |y formed el enents, -|nclud|hg met al -

i nterconnects 22 and 24 (except where it is . desired to electrlcally coupl e
t he device, such, as PFOVIded by contacts 18 and 20). Dielectri-c 6 layer 26
i s comdWilf] ¢ of Eigkeed! Wgstedessrpriosaeisemispaiucioralesiser i ¢ layer (ILD). In sone
enbodi ments, particularly in those enbodi nents wherein nmetal interconnects
22 and e f ggpedz selABS |

di el ect ﬁ‘bcﬂ' ayelra{ 26 W@F%Sgao ser veﬁﬁglesé&%w%r oflﬂg I'n ?er connec?g tth a
C(ﬁnvent b&@@ﬂthgfeﬁﬁgﬁ’ I LD layer 26 is typically formed of silicon oxide or

t he ’

[0013] Figure 3 iltustrates a density profile of an illustrative embodiment diélectric layer;

[0014] Figures 4a and 4b illustrate a density profile of alternate illustrative embodiment

dielectric layers; and

[0015] Figure 5 illustrates an illustrative embodiment dielectric laysr having good step

coverage.



li ke. Regardless of the material used, the layer will be substantially
honogenous and have substantially uniform material properties throughout
its thickness. [0019] ILD layer 26 nmay also include an etch stop |ayer,
such as etch stop layer 28. This etch stop |layer serves to aid in the
formati on of vias and trenches within subsequently formed dielectric

| ayers, as will be explained in greater detail below In sone instances,
| LD | ayer 26 may be conprised on two or nore discrete sub-layers. [0020]

Al so shdWsT AR B DESERIPTION OFELLUSTRATIVE EaesoDovERNSr (| MD) 30. | MD |ayer
30 serves to electrically I sol ate interconnects 22, 24 from subsequently

formed i con not , sho except where it is desired to

el ectri c,[ﬁ ]I%i/ &S‘ atkl(’\'@ @ﬂP@P@%ﬁ@é’f?eﬂt lR?Flfe% EHPestigRnty re discussey i fetail

el ectri aIIy couples i nterconnect 24 to a subsequently formed, overlying

i nterco shauid beamrpciatadyiowenps thal thewmpseat inventiomprovides mvay spplicable

di screte sub I ayers. IMD |layers are typically fornmed fromthe sane

cat egor ynhtiyemeanceris that ¢ande embodied inli siidectarietysyf sperificsamhtaxts, fRienspegfic t he | LD
| ayers, but typically the ILD layer is conprised of a different materi al

than t hembbiimentsyiiscnssdd eret merdlyfiflestaritve sRpotifie mans ® hakle D6 ubOheaReation,
processing, and the |ike between the two |ayers. Like the ILD | ayers,

convent ianddb nbiNiit Bieatspedfehstbedtant i al |y uniformin their nmechanical and
material properties throughout their thickness. [0021] Figure 2 illustrates
I ve_enbodi nent of the present invention in which IMD |ayer 40

il
?2 :‘ or lrjri@{ﬁjaw ngl%}reshﬁé?@ﬁ‘tl"ragﬁ’llgusgéﬁﬁ R FRBesSTiptiVaainiperadeduaronit 2tinelindipe gal ue

over its
MOSFET device 6 formed on a substrate 4. The substrate 4 may be a conventional bulk

substrate, such as a single crystal silicon wafer, or may be a semiconductor layer, such as silicon,
silicon-germanium, or the like, formed over a buried oxide layer (not shown), which in turn is
formed over a supporting substrate of, e.g., silicon, quartz, glass, or the like (i.e., a silicon on
insulator, or SOI, substrate). MOSFET 6 comprises a source 8 and drain 10 region formed in
substrate 4 and defining a channe] region therebetween. MOSFET 6 further comprises a gate
electrode 14 overlying the channel region and separated therefrom by gatedielectric 12, as is
well known in the art. Typically, gate spacers 16 are formed adjacent gate electrode 14 and are

used in the formation of source and drain regions 8 and 10, respectively, as is known in the at.

[0018] Figure 1 also illustrates electrical connections to the source and drain regions 8 and
10, respectively, in the form of contacts 18 and 20, respectively, making electrical contact to
source and drain regions 8 and 10, respectively, and to metal interconnects 22 and 24,
respectively. Dielectric layer 26 overlies MOSFET 6 and electrically insulates the device from
subsequently formed elements, including metal interconnects 22 and 24 (except where it is

desired to electrically couple the device, such as provided by contacts 18 and 20). Dielectric



t hi ckness. Figure 3 graphically illustrates the permttivity of |ayer 40 as
one proceeds fromthe 7 bottommost region of |ayer 40, where the layer is
adj acent interconnects 22 and 24 and etch stop |ayer 28, to the uppernost
region of layer 40, where the layer is adjacent subsequently forned

I nterconnects (not shown) and/or a subsequently forned etch stop |ayer

(also not shown). As Figure 3 illustrates, proceeding fromthe bottom of
| ayer 4 9 ' ) ; , |y, incr m
wbout 1.9 57 e ngoraal b1 h dh Blerl 1Rl biBNEEe 19PALD), 1o R ARk

perm ttivi L s ' ' dner t permttivi.ty also

P or casSotlppy i st ThAAShA LGRS LOOOK Pbb il ir s
of low permttivi while at the.s Ltime_ providing for inproved

Techani CHPAE P TIH PSR Ron B G o4 % 21T SRFTT ol SHEPGH BE T vi ty
dielectric layers, ILD | ayer 36 can _also be forned using simlar techniques
to obt aiﬂﬁef&‘m‘gea'ﬁsﬁ%ﬁ?la’lev D@b&ﬁ"ﬂ%@& layes, & ig ityricably fpsmad;afsligon gxidgpy the pe
explained in greater detail below. [0022] In one illustrative enbodi nent,

di el ect dike. Regasdlessfithe maemal @sest thedaysr gelh bs substratiallbhemeegeneusanid dive Exanpl es
I nclude tetranet hyl sil ane (aka 4M5), trinethylsilane (aka 3M5) and

oct anet lsytstantihldit wtifosmirhassrial propakizs Gviaighouits thicR@ess.The t hi ckness of the

| ayer is a function of the mninmumfeature size (i.e., technol ogy node)

and the icu a i cation.tp which.the resent inventjon |J I.rect ed.
A |1 oAt | oo L9BPa R Ak Rl B B SB Ali GRELs 410 S IS o o oo
t f typical single.d t al I . F
;838 a} 0 e%g%%p%%?g sér%‘és to aﬁfin?he %%gtﬁm osflvri]a% agd trgg&i%g \?vri]tginns%b%qugnrtll?f fogg/e%r or
dielectric layers, as will be explained in greater detail below. In some instances, ILD layer 26

may be comprised on two or more discrete sub-layers.

0020] Also shown in Figure 1 is inter-metal dielectric layer (IMD) 30. IMD layer 30
serves to elech'ically isolate interconnects 22, 24 from subsequently formed interconnects (not
shown), except where it is desired to electrically couple the interconnects, such as through via 32
which electrically couples interconnect 24 to a subsequently formed, overlying interconnect (not
shown). IMD layer 30 may also comprise two 01; more discrete subJayers. IMD layers are
typically formed from the same category of materials (i.e., low k dielectrics) as used in forming
the ILD layers, but typically the ILD layer is comprised of a different material than the IMD
layer, due to different requirements for performance, processing, and the like between the two
layers. Like the ILD layers, conventionall IMD layers are substantially uniform in their

mechanical and material properties throughout their thickness.

[0021] Figure 2 illustrates an illustrative embodiment of the present invention in which IMD
layer 40 is formed having a substantially continuously varying permittivity value over its

thickness. Figure 3 graphically illustrates the permittivity of layer 40 as one proceeds from the



damascene netal layer, an illustrative dielectric |ayer would be in the
range of perhaps around 4000 to 8000 Angstrons. The permttivity constant
of the layer varies across the thickness of the l|ayer. For instance, in
one illustrative enbodi nent, the permttivity may vary from about 3.0 at
the bottommopst region to about 2.0 at the mddl e region and back to about
3.0 at the topnost region. This gradation of permttivity is acconplished
by car eftshtomanist Rion\6€ tayt D, dpfeshé 1298 is BéhMBIGsSonnkdts 2P end 24 Sid etch stop
illustrative enbodi ment, the |layer is depositedby chem cal vapor

deposi t i1gykr CEMOkhd GpRALEH RS ion(R1: , & bifabdny | |
prefer ablg){/braceorrplliﬂgﬁed b;&%méliqat?hey{epjé? ?g%ge ?rgeg??%gujtaﬁééﬁg%ﬁég@?ggfﬁe% or by
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30-250'C t eposi t di el ectrli ayer . I xture,of oxygen and silane is
f1 owed igﬁ?‘%aﬂ?ﬁ CE?\?I??S%F%‘B tﬁ@ g?‘%i?#"t“ﬁ@‘“f]i'ﬁ gﬁméplggqsgy Ergporipral {9 ow rat e of
silane is apout 200 to ' 1500 sccm (nore preferably about 250 seem far a 4MS
film am§levie Ge, asthe fim degsjtydprregses, Mﬂnmmwt%ms@easg@emhemuﬁmg
preferably about 600 sccmfor a 4Ms filn) at, the beginning of the film
deposi t ilawer 3Fpeovidss foritheadvniageons datuesoftltve perpititiity) Whileajtussaot toe achi eve
the desired gradation of density and permttivity. For instance, 1in one
enbodi npmevidihg depmpiraved geahabbdal ftrdngth dnd@effbmvancabeer afadidibialtlow pryngeaiviti ght
be adj usted :

dielectric layers. ILD layer 36 can also be formed using similar techniques to obtain a

substantially continuously varying permittivity, as will be explained in greater detail below.

[0022] In one illustrative embodiment, dielectric layer 40 is formed of an organo silical
based material. Examples include tetramethylsilane (aka 4MS), trimethylsilane (aka 3MS) and
octamethylcyclotetrasiloxane (aka OMCTS) with O,. The thickness of the layer is a function of
the minimum feature size (i.e., technology node) and the particular application to which the
present invention is directed. An illustrative dielectric layer thickness would be in the range of
around 1800 to 3000 Angstroms for a typical single damascene metal one layer. For a dual
damascene metal layer, an illustrative dielectric layer would be in the range of perhaps around
4000 to 8000 Angstroms. The permittivity constant of the layer varies across the thickness of the
layer. For instance, in one illustrative embodiment, the permittivity may vary from about 3.0 at
the bottommost region to about 2.0 at the middle region and back to about 3.0 at the topmost
region. This gradation of permittivity is accomplished by careful control over the deposition

parameters. In the first illustrative embodiment, the layer is deposited by chemical vapor



fromabout 0.4 at the [ower portion of the film(providing a permttivity
of about 2.8) to about 0.8 at the upper portion of the film (providing a
permttivity of about 2.5). [0024] In another exanple, the permttivity is
vari ed over. the fllntdep03|t|on process by varyi‘ng the deposition chanber
pressure ‘whil'é kéeping the relative flow ratés" substantlally constant. As

of -4NB.t hel d t . about
0. exa”phtpasfgutgé@ttt‘téct% LealRBoiad e SRR Reoomplned
Ud ' nc the resulting filmw.ll haveapermtt|V|ty
Chat rvz.:‘JICg% PIB‘% "att@ tﬁ%ﬁtﬂ?ﬁ‘é%dsfr i grhyAsdisting ths silepePaatio dyrng depesiist | n
anot her _enbodi nent, the film-permittivity is adjusted by a post deposition

pl asma. o023t fTEnIuaﬂsﬁédﬁﬁl I, 8RLIERAS sitink maE1S §chNE 2 aRILERP i ca ﬁ& %%ng%n

densify, thus increasing |ts permttivity. This densi

e, ARt Rlrdabl dOBon 66 Bl bR iy, APPSR pacy. ol the
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pl asna .t reat nent and- su y CO ’I%}l ®decr ease

_ . to the >
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pl asma.i

for a 4MS ﬁlm) and the ﬂow rate of oxygen is about 400 to 1500 sccm (more preferably about
o .:600 sccm for 2 AMS ﬁhn) at the begmmng of the fﬂm depos1t10u The: relatwe flow rates are
| .then gradually adjusted to- ach1eve the desn‘ed gradation of density and permittivity. For instance,
in one embodiment of deposmng a 4MS film, the flow rate of 4AMS to oxygen m1ght be ad_]usted
from about 0. 4 at the lower, portlon of the ﬁlm (prov1d1ng a permlttmty of about 2 8) to about

 0.8atthe upper portion of the fi]m (prov1d1ng a permittivity of about 2. 5)

'[0924} In another example? the permittivity is ualied over the ﬁ_lm deposition process by i

varying the depositiou chamber pressure while keeping the relative flow rates substantiallj 5

_ constant ‘As an example the relatwe flow rate of 4MS to oxygen may be held at about 0.4,
:._""wlnle g-radually mcreasmg the pressure from about 3T to about 5T. Under such cu'cumstances
the resultmg ﬁlm W111 have a permltuwty that vanes across 1ts thlckness from about 2 8 to about

2.6.

[0025} S 'Y auother embodlment, the ﬁlm perm1tt1v1ty is adjusted by a post—deposxtxon plasma

' perm1tt1v1ty ThlS dens1ﬁcat10n phenomenon will be greatest at the top surface of the ﬁhn ‘and



to 400C and a pressure of about 4T. For a |ayer of about 6,000 Angstrons

t hi ckness, a plasnma treatnent of about 30 seconds to about 5 m nutes
shoul d suffice to provide a sufficient permttivity gradient substantially
t hroughout the filmthickness. In the provided exanple, the permttivity
of the material will typically range fromabout 2.2 at the top to about 3.5
at the bottom [0027] Wile the CVD process has been described as separate

f r om t hehpingmneofitheplbsmaireatRERGAE radualy, skil bhRentisll J&tiﬁﬁc{uslgﬂ, HcréREBER e
that in sone enbodi nents, both the gas flow ratio can be adjusted during

filmde hidk@Ess @R €het [ g 1RG4 Ob&topPSt - deposi tion pl asna
treat rreﬁ%!thf) achi eve %lﬁleafsggg})%gh ;)M;r%ﬁ??l?vilf@%r adiog[gt . [0028] The above
descri bed deposition techniques allow for control over the density of the
resul ti f80%8l el eér precexampls; IMRdlayes 3gnolomedby Alewing Mantomwgdetoderrh gheer has

a higher permttivity (which is |ess desirable for a [ow k dielectric

mat er i allgyerhichlagerie sithgectatlgo laa b, plbmpr Teparasneds prefautily gussted aabbiteshayer
becormes | ess dense, the pernmittivity characteristics inprove, but at the
expense tof#00@uwt a pressnessiabbutstl. ok layenohwtdu0s)060 Agstibs tatkhekd) @ pldsk@. Fi | m
density is a result of the filmporosity and/or the concentrati on of one

Or 1T € tReRRANENbBuri0 dbendsid MJeS thinuteX HIER shmce%@gr@mﬁ%,uﬁﬁ%&l&i bed
enbodi ments). In sone preferred enbodi nents, the permttivity gradient is

0Dt ai e oty kierk WbslanlifM M AShov dbVmd wloRARk Fl v gpo%cge%%&aﬁagf%% he

nost dense region to the nse regi on. region porosrty is

prefer aBle1¥n11ctﬁ§t§r of ﬁ{%%zﬂgﬁ)&ﬁmﬁ %1(%?15!9%1%% XA & Soiu]é ¥2 at the top to about 3.5 at the

bottom.

[0027) While the CVD process has been described as separate from the plasma treatment
process, one skilled in the art will recognize that in some embodiments, both the gas flow ratio
can be adjusted during film deposition and the film can be subjected to a post-deposition plasma

treatment to achieve the desired permittivity gradient.

[0028] The above described deposition techniques allow for control over the density of the
resulting dielectric layer. As is known in the art, a more dense layer has a higher permittivity
(which is less desirable for a low k diclectric material), but has better mechanical properties.
Contrawise, as the layer becomes less dense, the permittivity characteristics improve, but at the
expense of lower mechanical strength, adhesion strength, and the like. Film density is a_result of
the film porosity and/or the concentration of one or more components ofthe film (e.g., oxygen in
the above described embodiments). In some preferred embodiments, the permittivity gradient is
obtained by varying the film porosity by at least five percent from the most dense region to the
least dense region. The dense region porosity is preferably less than about ten percent porosity

(to maintain acceptable film quality) and the dense region of the film is preferably at least about

10



(to maintain acceptable filmaquality) and the dense region of the filmis
preferably at |east about 10 five percent of the total filmthickness. This
gradient in filmporosity can be obtained, e.g, by a plasma treatnent as
descri bed above. [0029] In other preferred enbodinments, filmdensity is
controlled by controlling the concentration of a constituent conponent,
such as the anount of oxygen in the film In preferred enbodinents, the

per cent bR pefce@OfgiRdtowd FilB Shitkhedt THEAShiRRAN Filh bﬁi@@in%rﬁbtaﬁ%age.g%fa
preferably by about ten percent. This concentration ‘gradient can be

obt ai negastraGreatnht Aidéshibdanot1e sil ane/ oxygen flow ratios as descri bed
above. I'n yet other preferred enbodinents, the permttivity gradient is

obtained by a chant%e in both the porosity of the filmand the _
concent 18@2%n ofn ethermefeired embodimentefilm densisuis costndiled byrentisollihdhe por 0si ty
varies by at least about five percent and the concentration gradient

vari es Byn@ntrhifasdif saoastitudn caap@ent endh. asHRO3OJunAsf ddviersinrthé Bt Th freuee 3,
the dielectric filmcan be constructed to have a straight- |ine

per mi t t ieiboyinene ihb@efc@ﬁtﬁ%é d)ﬂgcy%élpmrﬁs 49 asi8adi GBu® thred I.iaér&%t,taﬁ@ nidp@t
gradually gives way to a less ense (or a so-called 1oose) region at the

) . ;- i i ' ich th
Qox L O PRSGE HYAbbl Dbk e STIRLRBrakibh BALIEAN cabe BIERR] JEDDy billilich The

density (and hence permttivity) of electric fi f ! I
provi de ﬂﬁﬂé’ ' - 1 ’ o] §) ns ;of .t he al ong
with a Iﬂgess eﬁngg‘é %gﬁg' rg‘%césnag?e%cg@g?g%é}g 'mi%?l \9?1%5 Iler?eérgeldc‘)3 bio mfetlilg" Cddl e
portion pgxfm_i&%yfg&‘el(fi%nt ?suo%rthige% b%”}’&%hgée Irﬁtbom i%g %)orosity of the film and the
concentration of a constituent element. In such embodiments, the porosity varies by at least

about five percent and the concentration gradient varies by at least about three percent.

[0030] As illustrated in Figure 3, the dielectric film can be constructed to have a straight
line permittivity profile resulting from a dense region at the top that gradually gives way to a less
dense (or a so-called loose) region at the bottom., Figure 4a illustrates another illustrative
embodiment in which the density (and hence permittivity) of the dielectric film is controlled to
provide a dense region at the top and bottom portions of the film along with a less dense (and
hence lower permittivity) region in the middle portion of the film. Such an embodiment might
be useful, for instance, to provide a top and bottom portion having good mechanical strengﬂl and
adhesion characteristics, while the middle portion of the film, which may constitute the majority
of the film thickness, would provide for the desired low permittivity characteﬁsﬁcs. Figure 4b
illustrates yet another illustrative embodiment in which the film density varies in a substantially
sinusoidal manner from dense to loose to dense to loose to dense throughout the film thickness.
It is believed that such a manner of varying denSity could provide for advantageous features of

the film such as providing for a film having good adhesion to underlying or overlying layers
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be useful, for instance, to provide a top and bottom portion having good
nmechani cal strength and adhesion characteristics, while the mddle portion
of the film which may constitute the nagjority of the filmthickness,
woul d provide for the desired |ow permittivity characteristics. Figure 4b
il lustrates yet another illustrative enbodinment in which the filmdensity
varies in a substantially sinusoidal nmanner from dense to | oose to dense

to | 00SgwhercRNBIen isAERLPRANE aIE{}ﬁ‘roWd r@fBPfeﬁﬁ&% asttic chSach&ldeBeehist Bgﬁ'l S UC h a

manner of varying denS|ty coul d provide for advantageous features

filmsu Iylngor
overl yi (rilég;;;W fgi;lgy‘hg%?\% 103%&/11%:9}1{%5}?{2{%}ac%gée’;jTi\?ﬁ]dﬁ@fsbﬁ]leﬁg8%frég&§:&fI ng for
reduced a aC| fance o t he erm tt Vi t

Fegi ons ORERBl £iRRAFIAEREE SRR SBRIST ﬁfﬁg‘e}fla% ARG fRatbh R ol ediet e o
situatio ere an et sto uiri a den e filmregion for good
adhesi o) O\M][ é?tog(?ﬁ]faé’i’)‘ Oﬁ{\’/ﬁﬁ‘feéalf ﬁta ‘Fhe](eﬁ‘ém BF-aPpe Flﬂﬁ@jr indheprt

di el ectri, Iayer One ski I led in the art wll recognize that numerous

vari ati & r?fﬁgfelﬁ%tb&bﬁgmrsvvsp‘@rlagmsw;Sh%qlqnﬁlévfn%mmb@r@gleaﬁanb;el obfaingdbgi ng t he
plasma treatnment and the gas ratio process described above. Qher processes
m ght  apsvingdbe plapnoyrediment andithe gstritir prodess fiescribgatoye.t Pthet processeceight at i on
of a constituent element, or both. Such other processes m ght include
curing efsobhempbyed id ey diitl&alrﬂmtﬁlinqmﬁbsﬁtm the uordvenisatiop of leefishikent elemBgt, oiE- beam
curing, Wcuring, and the like. [0031] Figure 5 illustrates yet another

I 11 ust r dbihv Suelrbibel frocdssed imiphendlids@iing oh#RHeh&¥ited Afelectric film, such as by

thermal curing, E-beam curing, UV curing, and the like.

- [0031] Figure 5 illustrates yet another illustrative embodiment of the present invention. As
shown in a highly exaggerated form, device 50 includes a substrate 52 (which may be a
previously formed dielectric, interconnect, etch stop layer, orthe like) which has formed therein
a step. Step 54 could result from the presence of a structure 56, such as an interconnect structure,
While structure 56 is shown having been formed within substrate 52, in other embodiments,
structure 56 may be a feature that was formed prior to thé formation of substrate 52 and which
resulted in a non-planar (or an imperfectly planar) top surface to substrate 52. In a typical
embodinient, the step 54 height may be as great as around 200 Angstroms. As is well known in
the art, steﬁ coverage is an important property of a dielectric, such as IMD 60, which, as shown
in Figure 3, is formed over substrate 52, including over step 54. An advantageous feature of the
present embodiment is the ability to adjust the IMD density characteristics to improve_step
coverage performance, while at the same fime allowing for the remaining IMD layer (or at least

portions of if) to be adjusted to provide for improved electrical / permittivity characteristics.
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shown in a highly exaggerated form device 50 includes a substrate 52
(which may be a previously forned dielectric, interconnect, etch stop

| ayer, orthe like) which has formed therein a step. Step 54 could result
fromthe presence of a structure 56, such as an interconnect structure.
Wil e structure 56 is shown having been fornmed within substrate 52, in

ot her enbodi nents, structure 56 may be a feature that was forned prior to

the for OhsRN OTHSUER Curfiodtithihiklboct ESULARC it RrBRB P) BRRkgLOr an

inperfectly planar) top surface to substrate n a typical enbodi nent,

ke o+ el Sl XL AT aR AL AIENZ Wne IR RS it Bty

known in e art, step coverage Is an | npor

such as || 60, . whj ch s. shqwn in Fiqure 5,.is.forned over, substrate 52,
Ul v riB eap praials S0y PSR iiton bR Pudis & ingPEaR R e BB 0d ot
is the ability to adjust the AVID depsity characteristics to i nprove step
coveragé’ob@??%rq’r%\e}‘l’écéi,mWé‘yQ‘f‘ W@r@gn@ SORPIHIORYIEEOF or t he remai ni ng

TM) layer (or at least portions of it) to be adjusted to provide for

i mpr ovedogiaict 1 iQtdough B8 pPbsitindaod B iRGIdS htSdds Elﬁve lg%n 10Q3BEd {E*h%(t:ﬁﬂé}tec e

illustrati ve enbodi nent s  have been descri bed th reference to a

mat eri algyhah %Fg.n@érstﬁé\/@h?%oﬁ&ﬂa%g égdbs 'ﬂﬁo&rﬁd}ﬁ.}tlﬂ]aﬁ&%%a%%g n}ag]? fl?r%lglﬁ ggg\ég

t eachi ngs wou app o ot her riral’'sas we rncludrrng ( (
o BRI o 5P BB SRR A "o
and its I\ﬂgr\ég\rr]ér?t%g gco?)g\()?thg%?erg;er?teaigfi(i:a%%g isi nnot Cljn%n(’%iiell to f)e:[ limited to the particular
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, manufacture, compositions of
matter, means, methods, or steps, presently existing or later to be developed, that perform
substantially the same function or achieve substanﬁﬂly the same result as the corresponding
embodiments described herein may be utilized according to the present invention. Accordingly,

the appended claims are intended to include within their scope such processes, machines,

manufacture, compositions of matter, means, methods, or steps.
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shoul d be understood that various changes, substitutions and alterations
can be nmade herein wthout departing fromthe spirit and scope of the

i nvention as defined by the appended clainms. Mreover, the scope of the
present application is not intended to be limted to the particul ar

enbodi ments of the process, machine, manufacture, conposition of matter,
nmeans, nmethods and steps described in the specification. As one of
ordinary skill in the art will readily appreciate fromthe disclosure of
t he preswmAT IVEDAINRD 1Rf ocesses, machi nes, manufacture, conpositions of
matter, means, nethods, or steps, presently existing or later to be

devel oped, that perform substantially the sanme function or achieve

subst antk-al | yA tefismdislecsisdaer agmphising o topgepmmdindg botoigoitienths didetnd bed
herein may be utilized according to the present invention. Accordingly,

t he appdadedadhgi density éhat vries delestantiallynatifed@iydromitite fop Pbftiof O RL bOHER
processes, machi nes, nmanufacture, conpositions of matter, neans, nethods,
or stepgortikih WHAT IS CLAIMED IS: 1. Athin filmdielectric |ayer conprising
a top portion and a bottomportion, the dielectric |ayer having a density
that varies substantially uniformly fromthe top portion to the bottom

portion., 2. e t.hi.n f.i dielectrjc |layer of claim1l wherein the density
varies I neaﬁ?‘f/ tp bﬂ? ﬁ;ie%ayig&&da% 1iherqin ths slendity yeeies Hirparly from the top

portion to the bottom portion.

3. The thin film dielectric layer of claim 1 wherein the density varies in a substantially

sinusoidal manner from the top portion to the bottom portion.

4, The thin film dielectric layer of claim 1 wherein the density varies from about 1.5 at the

top portion to about 1.2 at the bottom portion.

5. The thin film dielectric layer of claim 1 wherein the density varies by at least about ten

percent from the top portion to the bottom portion.

6. The thin film dielectric layer of claim 1 wherein the dielectric layer comprises oxygen

and wherein the oxygen content varies by at least about three percent from the top portion to the

bottom portion.

14



3. The thin filmdielectric layer of claim1 wherein the density varies in
a substantially sinusoidal nmanner fromthe top portion to the bottom
portion. 4. The thin filmdielectric layer of claim1 wherein the density
varies fromabout 1.5 at the top portion to about 1.2 at the bottom
portion. 5. The thin filmdielectric |ayer of claim1 wherein the density
varies by at |east about ten percent fromthe top portion to the bottom
portion., 6. T, i i i ric layer.of claim1l wherein the
di el ect r7i'c I g@?ﬁlgg%iﬁéﬂgdao@%%%ﬁgIlag'ﬁ’élc 88 the oxygen content varies by
at | east about three percent fromthe top portion to the bottom portion.
14 7. A net h&FY8 $8F‘ﬂish' °a dielectric |ayer comprising: providing a
substrat e; bggi_nni ng ﬁ chem cal vapor deposition of a dielectric material
on the subst PS§BNBY 2 CheicAldapPTippasitiprels dielgpitig mpsasial on thesubsiattyat e;  and
varying the flowrate ratio of the at | east two gases during deposition of
sai d di enteeduping at lepst 6o geses tp the substratgbandant i al |y uniformy vary the
concentration of at |east one of said at |least two gases in the resulting
di el ectric | ageing tBe floweateedtivod thf atdéast morzasdsetueing dégsitivh of exid dietectrity er
conprises tetranethyl silane (4M5).

material so as to substantially uniformly vary the concentration of at least one of said at least two

gases in the resulting dielectric layer.

8. The method of claim 7 wherein the dielectric layer comprises tetramethylsilane (4MS).
9. The method of claim 7 wherein said at least two gases are alkyl silane and oxygen.

10.  The method of claim 7 wherein said flow rate ratio is varied from about 0.4 to about 0.8.

11, The method of claim 7 further comprising exposing the dielectric layer to a plasma

treatment,

12. The method of claim 7 wherein said flow rate ratio is varied to cause the dielectric layer

to have at least one dense region and at least one loose region.
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9. The nmethod of claim7 wherein said at | east two gases are al kyl silane
and oxygen. 10. The nethod of claim7 wherein said flowrate ratio is
varied fromabout 0.4 to about 0.8. 11. The nethod of claim7 further
conprising exposing the dielectric layer to a plasma treatnent. 12. The
met hod of claim7 wherein said flowrate ratio is varied to cause the
dielectric layer to have at |east one dense region and at |east one | oose

region. 35 1%111@&3@5@&%&% afcgélgétﬂgla%ldcioﬂ ectric layer conprising: formng
u €;

a dielectric layer over a“substra exposing the top surface of said
dielectric layer to.a plasma. and continuing the exposing step until the

di el ectric |ayer %%gwggﬁgzﬁv%avﬁéﬁ§ﬁgvhbrofiIe. 16 14. An integrated
circuit conprising:, at |east qgne transistor including a source region,. a
drain regi one’éﬁ?&”‘% thefom s i tq(%éﬂé,dlc?e&ﬁ"‘i layeste aplesmaiadectri ¢ overlying said
source region, drain region, and gate electrode; a contact forned in said
interlayer dreftwEmgthe grngsiap step pnldhe Jiclesimicdater hes adesireddensignproie. sai d
source region, said drain region, and said gate el ectrode; an .interconnect
connected to said contact; and

=
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an internetal dielectric layer forned in a substantially continuous process
step overlying at |least a portion of said interconnect, the internetal
dielectric layer including a first portion having a first permttivity
characteristic, a second portion having a second permttivity
characteristic, and wherein the permttivity of the internmetal dielectric

| ayer varies substantially continuously between said first portion and

sai d seggnd gg{ﬁl{e tngﬁrcui-mgméfg%iﬁgrat ed circuit of claim14 further

conprising a seco erconn ornmed over and contacting said

I nterconnect. 16, The inteqgrated circuit of claim 14 wherein said
nter metalcifbigtort Fapdydindifine f sabeeirebnobiginerion and pavealoriedsi al 17
The integrated.circuit, of claim 16 wherein said internmetal dielectric |ayer
conprises a 2hdtteHaver diglertsicronerlying rid prIGH 1§ EIOD cHRBiregiom gnd gafeslactipdey of
tetramet hyl sil ane (aka 4MS), trinethylsilane (aka 3M5), and
oct anet hyi cy@lcotiaetfaangdin spid igtantaye Siyicwing l¢leczicallBconTanging at legst ateodf
circuit of claim 14 further conprising a step having a step height in at
| east orseid|soyres rdgiompreadd Heheglonsaiddaidgatr eettalde,di el ectric layer. 17 19. The
integrated circuit of claim14 wherein the permttivity of said internetal
dielectric hapsercoacttadnheond taBaidicortadt; 8did t he top to about 3.5 at the
bott om
an intermetal dielectric layer formed in a substantially continuous process step overlying
at least a portion of said interconnect, the intermetal dielectric layer including

a first portion having a first permittivity characteristic,

a second portion having a second permittivity characteristic, and

wherein the permittivity of the intermetal dielectric layer varies substantially

continuously between said first portion and said second portion.

15. The integrated circuit of claim 14 further comprising a second interconnect formed over

and contacting said interconnect.

16.  The integrated circuit of claim 14 wherein said intermetal dielectric layer comprises an

organo silical based material.

17. The integrated circuit of claim 16 wherein said intermetal dielectric layer comprises a
material selected from the group consisting essentially of tetramethyisilane (aka 4MS),

trimethylsilane (aka 3MS), and octamethylcyclotetrasiloxane (aka OMCTS)with O,.

18.  The integrated circuit of claim 14 further comprising a step having a step height in at

least one layer formed beneath said intermetal dielectric layer.
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20. The integrated circuit of claim14 wherein the permttivity of said
intermetal dielectric |ayer varies substantially linearly fromthe top to
the bottom of said |ayer. 21. The integrated circuit of claim 14 further
conprising a second internetal dielectric |layer forned contacting said
internetal dielectric layer. 22. The integrated circuit of claim 14 wherein
the internetal dielectric layer is forned of a honngenous naterial 23.

The i nt egy,at etheihfegiitdd @ou badiTm f4 Wﬁ&fe& e g&&i&&gﬁ Bm‘ia&c?%n @Efe!: | ayer
i s about 6,000 Angstroms thick. 24. The integrated circu

wher ei 0§06 RREOREYLA NG AMEETTRIA 3 GleheGhibe | aver va“es From 00

t han about ten percent in one p Ion O a?&r to about |ess than about
five percent in a second portion of the |ayer. 18

20.  The integrated circuit of claim 14 wherein the permittivity of said intermetal dielectric

layer varies substantially linearly from the top to the bottom of said layer.

21.  The integrated circuit of claim 14 further comprising a second intermeta] dielectric layer

formed contacting said intermetal dielectric layer.

22.  The integrated circuit of claim 14 wherein the intermetal dielectric layer is formed of a

homogenous material.

23.  The integrated circuit of claim 14 wherein the intermetal dielectric layer is about 6,000

Angstroms thick.

24.  The integrated circuit of claim 14 wherein the porosity of the intermetal dielectric layer
varies from less than about ten percent in one portion of the layer to about less than about five

percent in a second portion of the layer.
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