G adi ent Low K Material FIELD OF THE | NVENTI ON [ 0001] This invention

rel ates generally to the formation of low permttivity dielectric

materials and nore particularly to the formation of a lowpermttivity

dielectric layer having a gradient permttivity constant across the

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

[ 0002] As sem conductor device integration continues to advance, device
eonetries continue to shri onetries require thinner

?hl n filmlayers used in th eﬁrﬁ@ﬂ*a%ﬁr@%ﬁﬁ%ie devi ces, including

thinner dielectric |ayers. As device density beconmes greater and
dielectric | ayers becone thinner, inter-level parasitic capacitance becones

an i nEH43 DFgTHE ENYRNTIOANt probl emin terns of device performance. [0003]
Prior art approaches to reduce paraS|t|c capaC|tance include the use of |ow

perm t y O ca | ed, | ow el ectr ter naterlals
* havi ngEdov%];r m ?F?\%iwe? ion 1elates %?é‘f’]@glb’ g‘le fl%‘imag%f%oéﬁﬂw Bﬁ%é %Eﬂ%/

about re termed | ow k dielectrics. Such low k di eI ectrics used in
lieu of W&Elapﬂé‘i’ﬂi\e Patigwlarly #q the formation 0§ a Loy perantimity disloqinp ket having a
bet ween, metal interconnects. [0004] Low k dielectrics suffer from
sever agradi e§gm¥@#ﬁlﬁ@é eonstapieareys thaheckopsstof ¢hef loyermpd istructures fabricated using

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

continue to shrink. Smaller device geometties require thinner thin film layers used in the
manufacture of those devices, including thinner dielectric layers. As device density becomes
greater and dielectric 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 fhe use of low
permittivity or so-called low k dielectric materials. Typically, materials having a permittivity

) value below that of silicon oxide (Si0,), i.¢., about 3.9, are termed low k dielectrics. Such low k
‘dielectrics used in lieu of traditional dielectric materials can lessen the capacitance between, e. g,

metal interconnects.

[0004] = Low kdielectrics 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. 1 [0005] What is needed, therefore, is a lowk
dielectric material that overcones the nechanical shortcom ngs of
traditional low permttivity dielectrics. 2 SUMVARY OF THE | NVENTI ON [ 0006]

Di scl ogesbsher eWhat & eclldt, thdrifors, & £loRCt HicfeckRUBAeSA tioééljagmé%ﬁ'lgp portion
and a bottom portion, .the dielectric |ayer having a density that varies

Subst apidcdidal WRirBIThYS drieaRIONS b ARGRAEHRNILR:Ae bottom portion. [0007]
In one aspect, there is provided a hod of ormng a dielectric |ayer on
a substrate. The nethod includes- 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 nmaterial so as to substantially
uniformy vary the concentration of at |east one of the at |east two gases
inthe resulting dielectric layer wherein the resulting dielectric |ayer
has a substantially continuously variable permttivity.

q
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[ 0008] Disclosed herein is a nmethod of fornming a dielectric layer., The = .. ..

“nethod includes formng a dielectric |ayer over a substrate and exposing

the top surface of said dielectric layer to a plasma. The plasma exposure
continues until the dielectric |ayer has a desired density profile. [0009]
The foregoing has outlined rather broadly the features and technical-

advant ages of the present invention in order that the detailed description
of the invention that follows my be better understood. Additional

feature [mﬁqiﬂy ”Iaﬁﬁirﬁff invention will be described hereinafter
whi ch f%rmt e s?%}ec of Etlﬁ;i%gai nms of the invention. It should be
appreciated by those skilled in the art that the conception and specific

enbodi reens] dbiscdses helcitmya thin fileadlélkytric lakéd | zed as a basis for nodifying or
desi gning other structures or processes for carrying out the same purposes

of the pos@idg 4 YYPYrtiSand 4 béilRYbsHidh SBe Rf1dd Oﬂa%%ﬁlégélgta%]?éﬁ%ti Qa% lﬁ%'gesslp inr it

the art that 3 such equival ent constructions

and scoggs@htidileudiRven £8 : in.the ended cl ains. 4 BRI EF
DESCRI PTI SO\I OF "THE DR%NN%SE?}?E)G? -(E{)Eror}geir)r{;#oéngg et e under standi ng of the
present. invention, and the. advantages, thereof, reference is now nmade to

the ol fpgo N8 oHERGE: REONHrSAKAR bRl Ot the

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 fo

substantially uniformly vary the concentration of at least one of the at least two gases in the

resulting dielectric layer wherein the resulting dielectric layer has a substantially continuously variable
permittivity.

[0008] Disclosed herein is a method of forming a
diclectric 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 inventioz} 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 forin 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 sﬁould also be realized by those skilled in thé art that



acconpanyi ng drawi ngs, in which: [0011] Figure 1 illustrates a prior art
sem conduct or device; [0012] 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

| ayer; [0014] Figures 4a and 4b illustrate a density profile of alternate
illustrative enbodinent dielectric layers; and [0015] Figure 5 illustrates

?)ETiAll L%%hrc %g%%ﬂ ON G@P‘Efﬂgﬁé IVEI%IIEAI\/B ‘1\51%%%5‘?’88%% %‘%’“0 ?érg%t‘ ot 5

usi ng ﬁfthélglﬁj flﬁfﬁgﬁngsy preferred enbodi nents are di scussed in detail

bel ow. S e appreci ated, however, that the present invention

provi des nany applicable inventive concepts that can be enbodied in a w de
variety of specific contexts. The specific enbodinents discussed are
merely illustrative of specific ways to nake and use the invention, and do
not limt the scope of the invention. [00171 Figure 1 schematically
illustrates a representative integrated circuit 2 including a MOSFET
device 6 forned on a substrate 4. The substrate 4 may be a conventi onal
bul k




~substrate, such as a single crystal silicon wafer, or.may be a

sem conductor layer, such as silicon, silicon-germanium or the |ike,
formed over a buried oxide |ayer (not shown), which inn turn is 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 conprrses a. source 8
and drain 10 region forned in substrate 4-and defining a channel region
t her ebet ween. MOSFET 6 further conprises a gate- electrode: 14 overdying the o
‘channeBRIERHDBSCRIPTERP @Fared DHewaasm by -gatedi el ectric 12, as is .well +-
- known in the art. Typically, gate spacers 16 are f or med adjacent gate '_ :
electrﬁgi agd are used in the formation of source:and drain regions: 8 S
and. 10l001@k peckonaangre compiete yapdopsianding pikthe present [iIpE18an, Bhg thegidvamthges,
‘illustrates el ectrical connections to the source and drain regions.8 and
10, r ethpeetirvlerapce isnoprmadetorthofollovringdéssrififoranaken @n corganeiohivde te MaKIi Ng
el ectrical contact to source and drain regions 8 and 10,. respectrvely and-
t 0 netacompueyinpdredigs, Rvided 24, respectively. Dielectric |ayer 26
overlies MOSFET 6 and electrically insulates the device from . subsequent|y

f ormed E&@nengﬁ gﬁh gﬁ“% met al i ntercgonnects 22 and 24 (except Where it
Cis  delPHHy t oFiEhs st fﬁ&t?aﬁrtéetnr@néeetpt:@evmch as provided by-contacts
‘18 and 20). Dielectric 6 layer 26 is corrm)nly referred-to as .an inter-|evel

di el ecooiy | ayRipure!2liBhstrated Sse&oaﬂﬁ&gt ﬁﬁ&‘n@h
enbodi nent's mhe?g?n met al ﬁhterconnect éﬂg%& <§@%?{%ﬁﬁéfﬁ%
danasgapQyPhvEkaln; damascene process, drelectrrc layer 26 will aIsoserve to

support t he

[0013] Figure 3 illustrates a density profile of an illustrative embodiment dielectric layer;

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

dielectric layers; and

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

coverage.



I nterconnects. In a conventional device, ILD layer 26 is typically formed
of silicon oxide or the I|ike. Regardless of the material used, the | ayer

wi |l be substantially honbgenous and have substantially uniformnmateri al
properties throughout its thickness. [0019] ILD |l ayer 26 may al so incl ude
an etch stop |ayer, such as etch stop layer 28. This etch stop |ayer
serves to aid in the formation of vias and trenches w thin subsequently
formed dielectric layers, as will be explained in greater detail below. In

sone | DETANCED. DESERIPAYEN GAILIBYTRATSOERMISEPIRRNL or nore discrete

sub-layers. [0020] Also shown in Figure 1 is inter-netal dielectric |ayer
(IMD) 30. IMD layer 30 serves to electrically isolate interconnects 22, 24
from sif93@lquenThgmplgngrand ising pfiba peestatly preferred hmbodimeatscrp tisvieedini details
desired to electrically couple the interconnects, such as through via 32

whi ch ilewt It shabldypeappiptieted] vesvenrihsahe Fésdndine@UdSROHEES hiiny HipHesble
overlying interconnect (not shown). IMD |ayer 30 nmay al so conprise two or

nor e dinsedtBle@ofitddtd thyiein be kin¥bBlel Ry 8 Wad¥ Bicnyt FRbERHLE YorfiO5ty %ﬁ%@i he same
category of materials (i.e., lowk dielect??is)bas us%%eﬁgefg§ néfc the ILD

| ayer sembydimbMR dfehds¥d daSndrle iiifl?s)g‘:aﬁvé Sf %g{:ﬂﬁ? iéxr%g%%og&l?lger Q{Fc)ifel,;sg %l?e%ﬁ%@%oﬁ,r | al

than the IMD |ayer, due to ent r
processi . ' t. . the two |ayers. Like the 1LD | ayers,
Satid' rro"i1 F‘%Bf tFlg )s%dp% of Bi% ﬁQ@%ﬂ 0}1.

conventi ona ers are substantially uniformin their mechanical and

material properties throughout their thickness. [0021] Figure 2 illustrates
an il 119817]at | Visigeretiodhermaticallf iltiserates @ sefbsch@y dtintepfatbd\c¥blliCinkMaing a

f 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 formet;l in

substrate 4 and defining a channel 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 art.

[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, respecﬁ§ely, 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



| ayer 40 is formed having a substantially continuously varying permttivity
val ue over its thickness. Figure 3 graphically illustrates the
permttivity of |ayer 40 as one proceeds fromthe 7 bottommobst regi on of

| ayer 40, where the |ayer is adjacent interconnects 22 and 24 and etch stop
| ayer 28, to the uppernost region of [ayer 40, where the |ayer is adjacent
subsequently formed interconnects (not shown) and/or a subsequently f or med

teL g h bgt & 26 @-% F)ay 101 ?é}l'edstﬁ Qigvﬁ% bl}téslﬁvel Ig%m I%;E(éag?r m a]tg)fgi;ne gﬁ{%rln g from

I ncrea Qut t 0.abou nsity is oportlona
to- pePBRptdy hRBHE ertoaiefif bmp i matah itirsorie 02 480 24 prALopaedaas ¥ 1y
also [ creases resulting |ayer provi des for the advantageous

f eat ur %m%’*Felieo %f&ﬁ@%spéﬂetwocqﬁhd@e@ﬂc layer 2wl alsomsrvege supmiriibe f or

i nproved nechani cal strength and perfornmance over traditional |ow

per mi t iigPeRpecty; B weanvications) dewdce, ILD liey 86 i8@pically firsod bé siliosmeddeiaithe
simlar techniques to obtain a substantially continuously varying

per mi t tikei Regardiesswif ke thatesalpised, nicllayer willdmt sabstatetiafly hobrigensus sh@8221 | n one
il lustrative enbodi ment, dielectric layer 40 is forned of an organo silical

based subs@niiaily. uﬂomﬁphasnal@edéaé@t@sttﬁbﬁﬁm fy hgdnefe (aka 4M5),
y

trimethyl silane (aka 3M5) an t ame | cycl ot etrasi |l oxane (aka OMCTS)

W th Oﬁ] Jre t EWGSS of the layer is a function of the mninmmfeature
size (|00 e&% 8o inednderna giely torclayen susppsietrtstqmlaye BhiTets t he
present | nvent lon is d| rect ed An illustrati-ve dielectric |ayer thickness
~woul d #feh ptepfayer servgsdo efd in the formation of vias and trenches within subsequently formed
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 electrically 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 subdayers. 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 comi)rised of a different material than the IMD
layer, due to different requirements for performance, processing, and the like between the two
layers. Like the Ii.D layers, conventional_ 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



around 1800 to 3000 Angstrons for a typical single damascene netal one

| ayer. For a dual danascene netal layer, an illustrative dielectric |ayer
woul d be in the range of perhaps around 4000 to 8000 Angstrons. The
permttivity constant of the |ayer varies across the thickness of the

| ayer. For instance, in one illustrative enbodinent; the permttivity may
vary fromabout 3.0 at the bottomobst region to about 2.0 at the mddle

regi on baficnbRskefion 3PRIYEr 40, vitke theSaylef FRFcent'; }&Hnec%zszagg%g% | 9% s%p

permttivity is acconplished by careful control over t i on

par ame og | | e i ' t.. . t.he | ayer 1s.,depositedby
chem cgﬁegg%otg t%glg)g%%%ﬁ f%gﬁé%@}%?ét@gﬁﬁ%gﬁegsﬂ%ﬁ% ?%?cegi/% S?%gn%ﬁ%\i??i vity
val ue i y. ished. b el t her as treating the deposited
filth @eﬁéﬁ‘g@gj{sﬁg{’ﬁ S%%&’?‘ﬁ%%é‘?ﬁ %?%‘g’?ﬁé%ﬁ‘ fosmad P‘Ji%hgj‘”gzﬂaagﬁﬁo ?Shq"é’@-z@f In a
first a n_organ sil ane terial such as a 4M5 filmis deposited by
D o it uusinieS P ieeling P hegiiom of T6er o8 i B donshecdeppiot o b layernt
about 3 - 5. tort, and a tenperature of about 30 to 450 C and nore

pr ef er &kdyally ingrraens towo aboyy'1E g/emdépahont 1.4 giined. Qmsiticis prappetionaloni xt ur e of
oxygen and silane is flowed into the CVD chanber to formthe film

Pr ef er pityiftivitydi.¢.| anthe filre dofisity ihemases,shapantittiRAP also irkbé¥9es) S TRETSHRINE

preferably about 250 stemfor a 4M5 film and the flow rate of oxygen is

about 4H@r BOpiFaids Sirebe {dmnegprsifedtakl vf RROPMMiERy, R At Ble AndMad i | M) at
t he beginning of the filmdeposition. The relative flow rates are then

gr aduabtovididg Btiggrdved abhayel ke e sid Satdhattat dvePredit Rl fivh Yeliivity
_permittivity. For instance, ‘
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 3.0at
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 depositedby chemical vapor



in one embodinent of depositing a 4Ms film the flowrate of 4M5 to oxygen
m ght be adjusted 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 2.5y. [00241 In another
exanple the permttivity is vari-ed oveerhF fLInrdepo?%tloglg:osgs?lg%

ng, t he,.de | O Chanb ressure il.e-keeping e
\r/:t gls g‘tﬁé’gtl&?& E(g?bi/t“ﬁ'%‘ﬁ'sgt nﬁ'%}xeve:rtheeaempnsty valee isgireferdbly dcbomplishpe byf
4NB to qxygen may be held. at *about 0.4; while gradually increasing the
pr essur@thes plasmp Beating the dengsived filimor binatjusting dhe slane Qpsdtioniueing defdaition.
resultlng filmwll have a permttivity that varies across |ts t hi ckness’

251 I n anqgth the film
ber i ?ﬁ?t?ti ke 2Rl orgB0 S ot S O arES e demsied DFE Ui
treat meJ |ted filmto densify thus increasing its
perm ttT le{ vsm?ﬁf%grﬁlé]ﬁ’sq%ﬁg‘e‘&tdzl é‘i‘ﬂ)‘ﬁgﬁdﬁefﬁﬁll ly ﬁé‘btgﬂféa’g é&rli, atldlttlhe top

I d9thet actote_asna reat ment w
o naacrepeahe: ol A Sohmermenro dePrarie. HEE i fhmst bt “of
the fil-mas one progresses fronrthe top to the bottom [0026] In one

exanpl dayar\z mayiare Fexygenf andradldngis fidvodi inig tUdBVaNchambegRTolm el t he
| ayer, which l-ayer is subjected-to ah H2plasnma. The plasnma is pref erabl y

gener atlaefemblgatﬂmﬂmame of 51246 Catand2G0 ©riSes Eecn gﬁo@lp%rbraﬂm abEﬁ’tr m staser of
about 6,000 Angstrons :thickness, . a pl.asma *
for a 4MS ﬁlm) and the ﬂow rate of ‘oxygen is about 400 to 15 00 scem (more preferably about
o 600 sccm for a 4MS ﬁlm) at’ the begmmng of the ﬁlm depos1t10n The' relatlve flow rates are
.then gradually adjusted to achieve the desrred gradation of density and permittivity. For mstance
in one embodiment of deposmng a 4MS film, the flow rate of 4MS to oxygen m1ght be adjusted
- from about 0. 4 at the lower portron of the ﬁlm (prowdmg a penn1tt1V1ty of about 2 8) to about

 0.8atthe upper portion of the ﬁlm (prov1d1ng a penn1tt1v1ty of about 2. 5)

[0024] In another example, the 'permittivity is \raried over the ﬁlm deposition proeess by :

varying the deposition chamber pressure while keeping the relative flow rates substantialljs./ 5

. constant As an example, the relatlve flow rate of 4MS to oxygen may be held at about 0.4,
:."_'whlle gradually mcreasmg the pressure ﬁom aboit 3T to about 5T. Under such eucumstances

'the resultmg ﬁlm WﬂI have a perm1tt1v1ty that var1es across 1ts thlckness from about 2 8 to. about ‘__‘

2.6..

[0025] CIn another embodlment, the ﬁlm pemuttrwty is adjusted by a post—deposmon plasma

o treatment Plasma treatment W1H cause the as-deposrted ﬁlm to dens1fy, thus mcreasmg its

' perrmttmty This den31ﬁcatlon phenomenon will be greatest at the top surface of the ﬁlm ‘and



tréatnent of about 30 seconds to about 5 minutes should suffice to provide
a sufficient permttivity gradient substantially throughout the film
thi ckness. In the provided exanple, the pernmttivity of the material wll
typically range fromabout 2.2 at the top to about 3.5 at the bottom
[0027] While the CVD process has been described as separate fromthe plasma
treatment process, one skilled in the art will recognl ze.tha('g. : n sonme
enbodi foted Hen9as I §ual Msted duri il m
deposi 1 anpactiTiht biafipaRSattivl P @%d%ﬁg&%%@:&ggﬁgﬁig]esfreﬁgmzer
treat. t ' h sired permtiivit r.adi ent . The above
descr%&h%{%é%g?{rlﬁl\éﬁi e%honl% lljoe%e%i% Wft%crmeé%fbg&ogt%}er the density of the
resulting dielectric layer. As is known in the art, a nore dense layer has
a hi ghg026r i Tt one dxympleMIVENLayer 365is SordRE by HMng @Msaanki%ygedjtb%ﬁ&th@ c
material), but has better nmechanical properties.” Contraw Se, asgt e gﬁyer
becone fayet shick1as& is bll§edi&d 8 dulHMi1sk L 4 isrbferably DY fed o560,
expense ygf I ovver§mal§:h&akﬁfi:cal st rez\r?gt h, ag%gtélg on %rrﬁnag?)ﬂ? nani t%}%ei b %fe Film
densi t y, A R [ OSI and/ t he congentration of one

Yo 460CBar Sﬁsg.ggt %t"e Jblfalﬁii LET’]; . (Igc}rpaola)? o%ytboutg O%btﬁﬁgsg%@@ %Srflﬂgama

onbodi KEAL S, . d gb,dpx gfn IP 1ttivity. gradient is

enbodi referr 0 n e perm; .

obt ai nggg%l?lvgra;@ |0§1gE { %ego’#sﬁ aﬁ%“}t%s‘}“t“?{eggmﬁ'?d ‘F‘Bcgg‘? Pofl?”Q‘é‘dﬁélsB@lyﬁ%cﬂ romthe

most dense_ region.to the |east dense region. The dense region porosity is

pref er B%W“‘i"gtgg S‘é@f&ﬁ‘ﬁ“ﬁ%ﬁ%‘é@@&ﬁhe ﬁg? Huekngss. (Ingherpronidgil exampleghabl e

filmquality) and the dense region of the filmis preferably at |east about
permittivity of the material will typically range from about 2.2 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 dielectric 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



10 five percent of the total filmthickness. This gradient in filmporosity
can be obtained, e.g, by a plasma treatnent as described above. [0029] In
other preferred enbodi ments, filmdensity is controlled by controlling the
concentration of a constituent conponent, such as the anount of oxygen in
the film In preferred enbodinents, the percentage of oxygen varies by at
| east about three percent, and nore preferably by about ten percent. This

o7 T anel b S 4 B E8 biGRL AD B oich B or it 458 b Porpings iy
nittiﬁég%%gradient I s obtained by a change in both the

enbodi gent t.he e
por osi %%%“F%%’%Megﬁabﬁd oncentration of a constituent element. In
such enbodi nents, the porosity varies by at |east about five percent and

the cOJ0ORYY r at irDetheRefABY eﬁ‘x%d[iﬁx%nﬁ?’ﬁﬁﬁ dér%ﬁ?ﬁs &B&Hﬂecfb &%nﬂ?ﬁag%ﬂé . [0030]

As illustrated in Figure 3, the dielectric filmcan- gonstr cted toth?xe
, \ A . , dense redion a o

a strai@RbntrdoRrRYLRtthdnY l:&iﬂ?&{eg{, :s{lé':h 559159 Lﬁlbﬁ}? 8? E}Symgse% iz} the, . ﬁg ggere%?rr?de gi on

top that gradually gives vviay 0 ess ense (o ;)_-ca | COSE) TS0
th - Fi ' rates anot her rative e |
ohi o e OO BERead b HSEERL s B R abpprdRt frito ol e 15 ©
| | ed I,d d ion at the top and bottom portjons o e
i1 m oPERGHT bk 2hSH el deRlo s eHEHEe FHMGK CHEve PERed oy, FEARE N ( ho

m ddl e porti9n of the film Such an enbodi nent m ght be useful, for
i nst ant s1140579y86R Hawaaties s sletrribed ebntiep dp vetmthaawtomedoubbdimettsthe al
strength and

gpermittivity gradient is obtained by a change in both the porosity 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 strengﬂ1 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 characten'stics. 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.
Itis Believed that such a manner of varying déns'ity 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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adhesi on characteristics, while the mddle portion of the film which may
constitute the majority of the filmthickness, would provide for the
desired low permttivity characteristics. Figure 4b -illustrates yet
another illustrative enbodinent in which the filmdensity varies in a
substantially sinusoidal manner from dense to | oose to dense to |oose to
dense throughout the filmthickness. It is believed that such a manner of

varyi n@;vlﬂ;@@ﬁfe&ﬂm‘i?ﬂéﬂfmfﬁ}g & I‘H(Jid?ﬁ\é% f&ggé&ﬁrgsgﬁc;ééﬁﬁcépﬁée bdddfisel dflefd S ;C h

;as providing for a fil'm having good esionto or overlyin

ot o o PR ek A S AEP R s ieP Ths Rrda PPReatiE ogi on

where the filmis |oose -The sinusaqidal profile could contenplate_ a.
oi t uat TOICTHaFS SHamoRbe & ei“hfﬁaﬁeﬁé&{?ﬂ% aéiea%%él@l ¥egiom feegeashrdhesion)o o d
adhesi o I s located _at sonme mddle region of the overall internetal

) . I the nter
di el ec’tsﬂ‘i"‘r?tqdﬁ &ome pyddle regianef theovesall mtermetgl dicloctrisdgynrz Onerskilled umtheatis
variations on the density/porosity profile can be obtained be varying the
pl asmawill aegriza thalmmaneisgasiatiensian the dosig/pdmsity ploéile edndhesobtfhdte pr ocesses
m ght al so be enployed to vary either the filmporosity, the concentration

of a ceorgingtthreplbsned eeatntnt and thdgishatiSpobessdbiibed S8R8S €xhet Hbdesicn ahiplde
curing of the deposited dielectric film such as by thermal curing, E-beam

cur i nalsd e enplone toasy &iter theklim pRORLihEicBMcBtratidd dUSEnli@SnddmaR Y her
il lustrative enbodi nent of the present invention. As shown in a highly

exaggesdth e GudrbthRr 5k nRPhtiRGhadGRiR FHRSIBLIRd el bAAL Filn R¥H BELF

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

- [0031] Figure § illustrates yet another illustrative embodiment of the present invention. As
shown in a highly exaggerated form, device 50 inciudes a substrate 52 (which may be a
previously formed dielectric, interconnect, etch stop layer, or the 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 tﬂe 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, step coverage is an important propérty of a dielectric, such as IMD 60, which, as shown
in Figure 5, 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 time allowing for the remaining IMD layer (or at Jeast

portions of it) to be adjusted to provide for improved electrical / permittivity characteristics.
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previously formed dielectric, interconnect, etch stop |layer, orthe |ike)
whi ch has fornmed therein a step. Step 54 could result fromthe presence of
a structure 56, such as an interconnect structure. While structure 56 is
shown havi ng been formed within substrate 52, in other enbodi nments,
structure 56 may be a feature that was fornmed prior to the formati on of
substrate 52 and which resulted in a non-planar (or an inperfectly planar)

top sur to . . ical . enbodi npnt, the step 54 height
may be [ggﬁgr eatﬁg%%ﬁ%%gﬁdlﬁ}ﬁgssﬁoe f’.mﬁsqr}g’eaé‘fl TREERRGe f%aS‘Fﬁémﬁrt, st ep
cover age. i n. i r t..pr rty of a dielectric, such as | MD 60, which,
as shoﬁat?%alg?%%%gg\@sog%ﬁﬁﬁﬁi %\}E‘? a‘%ﬂ’g'éf‘?ag?%ﬂ’@ﬂheiahﬂ%@%gémﬂ%ﬂmbf 54.
An advant ageous feature of the present enbodinent is the ability to adjust
the | M¥ 8@%&@@?“@&5’?&’ lechidingssikicon;bapadoreanie epinorgsnisrmajerighs ofgairance,
while at the sane tinme allowing for the remaining |MD [ayer (or at |east
por t i of@lysRers.wrganis-isereatjchybeid matenaly vindieorilbinationgribarest. el ectri cal /
permttivity characteristics. 12 [0032] The illustrative enbodi nents have

been d hbed i ference to.a dielectri terial . forned of 4M5. One
oki 11 ed?0 he "’g%n%\}n{ fo st ipucrionand e %égegﬁ%?’c?meﬁﬁée%hﬁddnéﬁﬁ@ﬂyﬂ to
ot her terials.a |, including silicon based organic or inorganic

mat er i gﬁ%‘,ﬁd EF Bﬁ‘?ﬁr%"g%%‘m?é‘rﬂ ?°€3r“§ fhiskestifiogs ardalisraiang cambempdg kereinnd
conbi nat.i.ons .t her eof . &gOBS] Al t hough the present invention and its

advant 3gteutdapartmg dipmythe spir @ad seepgof thelinvention gb defintdthy theatpesdadadpitbat

various changes, substitutions and alterations can be nmade herein
, Moreover, the scope of the present application is not intended to be 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 substantially 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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wi t hout departing fromthe spirit and scope of the invention as defined by
t he appended clains. Moreover, the scope of the present application is not
intended to be limted to the particular enbodiments of the process,

machi ne, manufacture, conposition of matter, nmeans, nethods and steps
described in the specification. As one of ordinary skill in the art wll
readily appreciate fromthe disclosure of the present invention,
processes, nachi nes, manufacture, conpositions of nmatter, means, nethods,

or steps,ﬁ%£§ iXDf%bﬁ&ing or later to be devel oped, that perform
substantially the sane tunction or achieve substantially the sane result as

the correspondi ng enbodi nents described herein may be utilized according
to the present invention. Accordingly, the appended clains are intended to
i ncl ude wiit hi nath&hdd o? KRB Wikelc 858SREDrisifchi nes,  manuf act ure,
conpositions of matter, neans, nethods, or steps. 6 13 WHAT IS CLAIMED | S:
1. A nethod of pfQMeRGuRLEEEl ectric |ayer conprising: providing a
substrate; 14 beginning a chem cal vapor deposition of a dielectric

mat erial on the substrate by introducing at |east two gases to the
Substrate; and
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varying the flowrate ratio of the at | east two gases during deposition of
said dielectric material so as to substantially uniformy vary the
concentration of at |east one of said at |east two gases in the resulting
dielectric layer, wherein the resulting dielectric |ayer has a
substantially continuously variable permttivity. 2. The nethod of claim1l
wherein the dielectric |ayer conprises tetranethylsilane (4M5). 3. The

nmet hod of claiml1 wherein said at |east two gases are al kyl silane and
oxygen. 4. The nethod of claim1 wherein said flowrate ratio is varied
fromabout 0.4 to about 0.8. 5. The nmethod of claim1 further conprising

exposing the dibsgiﬁﬁ%guﬁ%e&lﬁme&pme si%%iel&ﬁ%@ﬁa@ﬂfﬁn if%e sugégstg{ﬂgt hod of

claim1l wherein sal owrate ratio 1s varied to cause t | ectric

layer tohauEidal8a%to ORE BB SHskAgLRN and at |east one | oose region. 15
G adient Low K Material ~ABSTRACT OF THE DI SCLOSURE A thin filmdielectric

| ayer conpri seSadink @R R hit Ao 3NMe & 1004 AR RO DeRRdol\ @S udgRRELY and
permttivity characteristics that vary substantially uniformy fromthe top

portion t Gnatdigl soROtolsabBRaAltyiuaiormiPRky @k cA¥SirafidhOr FERRI dn¥ oA PTeast two
permttivity is acconplished through varying deposition paranmeters such as
f1 ow rat e gades RORSHultihg el a0 CEES wHASE the QésuliaP Qislet i ORy& A H@bstantially

continuously variable permittivity.

2. The method of claim 1 wherein the dielectric layer comprises tetramethylsilane (4MS).
3. The method of claim 1 wherein said at least two gases are alkyl silane and oxygen.

4, The method of claim 1 wherein said flow rate ratio is varied from about 0.4 to about 0.8.
5. The method of claim 1 further comprising exposing the dielectric layer to a plasma
treatment.

6. The method of claim 1 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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pressure, or through a post deposition treatnment, such as plasnma treatnent
or curing. (FIG 2) 1is 16

Gradient Low K Material

ABSTRACT OF THE DISCLOSURE

A thin film dielectric layer comprises a top portion and a bottom portion and has density
and permittivity characteristics that vary substantialty uniformly from the top portion to the
bottom portion. Control over the density and/or permittivity is accomplished through varying
deposition parameters such as flow rate of constituent process gases or deposition chamber

pressure, or through a post deposition treatment, such as plasma treatment or curing.

(FIG. 2)
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