METHOD FOR FABRICATING AN ULTRALOW DIELECTRIC
CONSTANT MATERIAL AS AN INTRALEVEL OR INTERLEVEL
DIELECTRIC IN A SEMICONDUCTOR DEVICE BACKGROUND OF
THE INVENTION Technical Field of the Invention The present invention
generally relates to a method for fabricating a dielectric material that has
an ultralow dielectric constant (or ultralow-k) associated therewith and an
electronic device containing such a dielectric material. More particularly,
the present invention relates to a method for fabricating a thermally stable
ultralow-k film for use as an intralevel or interlevel dielectric in an
ultra-large-scale integration ("VLSI") back-end- of-the-line (BEOL") wiring
structure and an electronic structure formed by such method. Description
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the resistance of the BEOL gneiattizationasorelhas/ingreasing the
capacitance of the intralayer and interlayer dielectric. This combined
effect increases signal delays in VLSI electronic devices. In order to
improve the switchimg OCRERIEREEGE MARCANVENCIoNts, low dielectric
constant (k) insulators and particularly those with k significantly lower
than silicon oxide are needed to reduce the capacitances. Dielectric
materials (i.e., dielectricsyatiaids LG AN ve been commercially
available. For instance, one such materlal IS polytetrafluoroethylene
"FTFE'S, which has a k yalue of 2. 0 H r,these. dielectric mate
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Desoription of the Priox_' Axt

The continuous shrinking in dnnenswns of electronic devices utlhzed in ULSI circuits i in
recent years has resulted in mcreasmg the resistance of the BEOL metallization as well as
 increasing the capacitance of the intralayer and interlayer dielectric. This combined -
effect increases signal delays in ULSI electronic devices. In order to improve the
switching performance of ﬁm_lre ULSI circuits, low dieleciric constant (K) insulators and
particnlarly thdse withk signiﬁcauﬂy lower than silicon oxide are needed to reduce the
capacitances, Dielectric materials (i.e., diefectrics) that have low-k values have been
commercially available, For instance, one such material is pdlytetraﬂuoro ethylene
(“PTFE™), which has a k value of 2.0, However, these dielectric materials are not
thermally steble when exposed to temperatures above 300~350°C, Integration of these
dielectrics in ULSI ohiﬁs requires a thermal stability of at least 400°C. Consequently,
these diclectrics are rendered useless during integration. -
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now low dielectric constant spin-on silicon oxide based dielectrics." Mat,
Res. Soc, Sump. Proc. 476 (1997): 25) described materials that appear to
satisfy the thermal stability requirement, even though some of these
materials propagate cracks easily when reaching thicknesses needed. for
integration in the interconnect structure when films are prepared by a
spin-on technique. Furthermore, the precursor materials are high cost and
prohibitive for use in mass production. In contrast to this, most of the
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improve the performance of electronic devices’'incorporating such
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is therefore an object of the embodiments of the présent invention to

prg material, consisting of 8i, C, O and H atoms, having a dielectric

constant not more than 3.6, and exhibiting very low crack propagation velocities.

U5, Patent No. 6,312,793 {Multiphase Low Diglectric Constant Material, issued 6 November
2001) assigned to the common assignee of the present invention and incorporated herein by
reference in its

entirety, described a dual-phase material, consisting of a matrix composed of §4, C, O,
and H atoms, a phase composed of mainly C and H atoms, and having a dielsctric
constant of not more than 3.2. It should be noted that continued reduction of the -
dielectric constant of such materials will further improve the performance of electronic
devices incorporating such dielectrics. '

In view of the foregoing, there is a continved need for developing a dielectric material
that hes a dielectric constant of not more than about 2.8 and inhibits cracking,



for fabricating an ultralow dielectric constant material having a dielectric
constant of not more than about 2.8. More preferably, the dielectric
constant for the ultralow-k material is in a range of about 1.5 to about 2.5,
and most preferably, the dielectric constant is in a range of about 2.0 to
about 2.25. It should be noted that all dielectric constants are relative to a
vacuum unless otherwise specrfred Itis another obJect of the
embodiments of the present inve hod for fabricating
an ultralow dielectric CORSARERY C, 0 and H atoms
from a mixture of at least two precursors wherein a flrst precursor is
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prbmgdgﬁenuoai vapor deposition ("PECVD") reactor.

It is vet a further object of the embodiments of the present invention to provide an
improved method for fabricating an ultralow dielectric constant material by depositing a
film on a substrate in the presence of CO, or CO; and Oy, thereby improving uniformity of
the deposited fitm as well as stabilizing the plasma within the PECVD reactor.

It is another object of the embodiments of the present invention to provide a method for
fabricating an ultralow dielectric constant material for use in electronic structures as an
intralevel or interlevel dielectric in a back-end-of-the-line ("BEQOL") interconnect

struciure.

It is yet another object of the embodiments of the present invention to provide a
thermally stable ultralow dielectric constant material that has low internal stresses and a
dielectric constant of not higher than about 2.8. More preferably, the dielectric constant
for the ultralow-k material



electronic structure incorporating layers of insulating materials as
intralevel or interlevel dielectrics in aback-end-of-the-line ("BEOL") wiring
structure in which at least two of the layers of insulating materials
comprise an ultralow dielectric constant material of the present invention.
It is yet a further object of the embodiment? of the present invention tq
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dielectfiaicanstanbmsserial2as intralevel or interlevel dielectrics in
aback-end-of-the-line ("BEOL") wiring structure and which further
contains at least one dielectric cap layer as a reactive ion etch ("RIB")
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urther prowd)es' a method for fabricating the dielectric material by reacting
a first precursor gas comprising atoms of Si, C, O, and H and at least a
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an electronic structure (i.e., substrate) that has layers of insulating
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@efitBigpréoyserursor gas comprising atoms of Si, C, O, and H and at least a second
precursor gas comprising atoms of C, H, and optionally O, F and N in a plasma enhanced
chemical vapor deposition ("PECVD") reactor. The embodiments of the present invention
vet further provides for mixing the first precursor gas with CO,, or mixing the first and
second precursor gases with CO; and O, thereby stabilizing the plasma in the PECVD
reactor and improving the uniformity of the dielectric film depostted on the substrate. The
embodiments of the present invention still further provides an electronic structure {i.¢.,
substrate) that has layers of insulating materials as intralevel or interlevel dielectrics used
in a back-end-of-the-line ("BEOL"} wiring structure, wherein the insulating material can

be the ultralow-k film of present invention.



gas comprising cyclic siloxane molecules into said PECVD reactor;
flowing at least a second precursor gas comprising organic molecules
with ring structures having C, H and 0 atoms into said PECVD reactor;
and depositing a film comprising Si, C, 0 and H and a multiplicity of
nanometer-sized pores on said substrate in presence of CO2 or CO2 and
02. Preferably, the first precursor is selected from molecules with ring
strgctudes comipa Stp§i@©OH tbompenentssuch therd i8pBovided a method for
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eps of. setting the substrate %emperature at

Optionally, the deposited film of the embodiments of the present invention can be heat
treated at a temperature of not less than about 300°C for a time period of at least about
(.25 hour. The method may further comprise the step of providing a parallel plate reactor,
which has a conductive area of a substrate chuck between about 300 cm” and about 700
em’, and a gap between the substrate and a top electrode between about 1 em and about
10 cm. A high frequency RF power is applied to one of the electrodes at a frequency
between about 12 MHZ and about 15 MHZ. Optionally, an additional low frequency
power can be applied to one of the electrodes, The heat-treating step may tfurther be
conducted at a temperature not higher than about 300°C for a first time period and then at
a temperature not lower than about 380°C for a second-time period, the second time period
being longer than the first time period. The second fime period may be at least about 1
times the first time period.



between about 25C and about 400C; setting the high frequency RF power
density at between about 0.05 W/cm2 and about 2.0 W/cm2; setting the
first precursor flow rate at between about 5 seem and about 1000 seem;
setting the flow rate of the second precursor between about 5 seem and
about 1000 seem; setting the reactor pressure at a pressure between
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an ultralo on’said wafer in presence of CO2 or CO2 and 02. The
process may further comprise the step of heat-treating the film after the
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O atoms; and depositing an ultralow-k film on said wafer in presence of CO; or

CO, and O,. The process may further comprise the step of heat-treating the film after the
deposition step at a temperature of not less than about 300°C for at least about 0.25 hour.
The process may further comprise the step of applying a RF power to the watfer. The heat-
treating step may further be conducted at a temperature of not higher than about 300°C for
a first time period and then at a temperature not lower than about 380°C for a second time
period, the second time period being longer than the first time period. The second time

period may be at least about 10 times the first time period.

The cyclic siloxane precursor wtilized can be teframethylcyclotetrasiloxane ("TMCTS") and

the organic precursor can be cyciopentene oxide ("CPO"). The deposition step for



between about 25C and about 400C; setting a RF power density at
between about 0.05 W/cm2 and about 2.0 W/em; setting the flow rate of
the cyclic siloxane between about 5 seem and about 1000 seem; setting
the flow rate of the organic precursor between about 5 seem and about
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mTorr; depositing an ultralow-k film on said wafer under a RF power density
between about 0.05 W/em® and about 2.0 W/em? in presence of CO» or CO; and
0s; and anmealing said ultralow-k film at a temperature not less than about 300°C

for at least about 0.25 hour.

In a fourth aspect of the present invention, there is provided a method for
fabricating a thermally stable ultralow-k film comprising the steps of: providing a
parallel plate type plasma enhanced chemical vapor deposition (PECVD) reactor;
positioning a wafer on a substrate chuck having an area between about 500 cm?
and about 600 cm’, and maintaining a gap between the wafer and a top electrode
between about 1 cm and about 7 cim; flowing a first precursor gas of a cyclic
siloxane into said reactor over said wafer kept at a femperature between about

60°C and about 200°C and a second precursor of organic molecules while



60C and about 200C and a second precursor of organic molecules while 7
keeping a pressure in said reactor between about 100 mTorr and about
3000 mTorr; depositing an ultralow-k film on said wafer under a RF power
density between about 0.25 W/cm2 and about 0.8 W/cm2 in presence of
CO2 or CO2 and 02; and annealing said ultralow-k film at a temperature
not less than about 300C for at least about 0.25 hour. According to
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with a cyclic organic molecule into the reactor over the wafer, which is
kept at a temperature between about room temperature and about 400C
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300°C for at least about 0.25 hour. The depositing may be performed in the presence of
CO- or COy and O». The inventive method may further comprise the step of annealing the
film af a temperature of not higher than about 300°C for a first time period and then at a
temperature not lower than about 380°C for a second time period, wherein the second
time period is longer than the first time period. The second time period may be set at least
about 10 times the first time period. The cyclic siloxane precursor can be
teframethyleyelotetrasiloxane ("TMCTS") and the cyclic organic precursor can be
cyciopentene oxide ("CPO").

Ta



thermally stable ultralow dielectric constant film comprising the steps of:
providing a plasma enhanced chemical vapor deposition (PECVD)
reactor; positioning a substrate in said PECVD reactor; flowing a first
precursor gas comprising cyclic siloxane molecules using CO2 as a
carrier gas into said PECVD reactor; flowing at least a second precursor

9as ﬁﬂmﬂéé@sﬂggg&m%&w&i b NG SHUE FRSHRAYVIRE bt AN Q

atoms into said PECVD reactor; and depositing a film comprising Si, C, 0

dhermatinctatiaumipilaty efelrstionfertasr Sdmrsragdingaibesistlte in
RIRRERGS ATPAIMCQR R SHIMREPES A dBERIESRIPIIYOTHQRadhgIe IS

provided a method for fabricating a thermally stable ultralow dielectric
quniianitim %&ﬁpﬁéiﬁgsﬁl\@})ﬁ@g@dﬁ%%@ﬁi AY R DS FHEPEF AT RIS
Qemicalyanreidenesiipn{REG MR sIgaetorn ROSHIRRINGASHRSIAtEPIRCVD

said PECVD reactor; flowing a first precursor gas_comprising cyclic
sitesielaviBEAbERTIG SAFTPECN DY E0e8 CHBIHSH & OIEHYE 09dOR

REGEULSOT SRSEAIORYSING Crganin Maleeckias Withiding Stusiureshaving
C, H and 0 atoms into said PECVD reactor; flowing CO2 into said PECVD
reeRGItRIE BT AV b Pris i g Foang MH&@H@%’ RiutApREIgfSsized

NomeleL:aizeepareh Misaid sybsiraiedn presence of said CO2. hia

seventh aspect of the present invention, there is provided a method for
fabricating a thermally stable ultralow dielectric constant film comprising

the stepsiefasproviding,a Rlrsma eanarced ehamical MaRRIAEROBIEORA for
(PECVD) reactor; positioning a substrate in said PECVD reactor; flowing

dahdepiscunssregamsicorpisinga)RIc Girdseire rRlseies ke egprising the

REGYBireariofafiowing @t leastBa 88O NGRIBEM SAERASIEAMRIKINGPECVD)
organic molecules with ring structures having C, H and 0 atoms into said

PECYD ROSHIGPINBSWiRePaTAikiireaf CBS Hd e intol psinsse (ist iwsetgpor
and depesiting a M CaRARING Shetied AR EhRndECTIHRlGHY: Glowing at

nanometer-sized pores on said substrate in presence of said CO2 and
0938 THEHRHIURTENE SR PHISUREINEHHETIS RTHHEr WifBCidy wraRres

algeifenic SHUGHHED atoms into said PECVD reactor; flowing CO, into said
PECVD reactor; depositing a film comprising Si, C, O and H and a multiplicity of

nanometer-sized pores on said substrate in presence of said COs.

In a seventh aspect of the present invention, there is provided a method for fabricating a
thermally stable uliralow dielectric constant film comprising the steps of:
providing a plasma enhanced chemical vapor deposition (PECVD) reactor;
positioning a substrate in said PECVD reactor; flowing a first precursor gas
comprising cyclic siloxane molecules into said PECVD reactor; flowing at least a
second precursor gas comprising organic molecules with ring structures having C,
H and O atoms into said PECVD reactor; flowing a mixture of CO; and O into
the PECVD reactor; and depositing a film comprising Si, C, O and H and a
multiplicity of nanometer-sized pores on said substrate in presence of said CO;

and Os.



which has layers of insulating materials as intralevel or interlevel
dielectrics in a back- end-of-the-line ("BEOL") interconnect structure which
includes a pre-processed semi- conducting substrate that has a first
region of metal embedded in a first layer of insulating material, a first
region of conductor embedded in a second layer of insulating material of
the inventive ultralow-k dielectric, the ultralow-k dielectric comprising Si,
Cl@ amtiddimand ef theliipdieitynoémananfetérssirediabres; ancrbaivistgeture
diplestiic.sansiat aLnghinaieHhan Ahen 20, e AREPBHIBNEL Al back.
insu n f

ating material being In intimate contact with the first layer o i
irrsdraiitis hinee il Qhe HistGaBRm HUEBIRINGISh MSiHdcHROrsorEsssed sen-
cemmunigationwitkhihpatiestire gigiood metal cahdddsaaaristegian Ohsulating
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cthmiprishtigaibrrosritidielentrisl shp-Risibsteckribickssitrieanisyos Sliks Math gl
mateliRReINGNINtMAHRERNIRGHAE the BRsARE dayeuef HasHalBenot more

B e B S OSSR Gl
tHiret layeodhindatiatimeprerate fel firfihrezele ofromiduwstou Citing makdutider
COMRRSE T LA IR G CanJRYERRRINEAR g RECERM lpvehaldasyialing

material and the third layer of insulating materjal, and a second dielectric
calsaEyal shTBERieioe Wit sy Sisianhaersiioters beine nbricktiR ap
mhateialcal iha:kelecied-fionoaiieamotid ensilibaninitiise;ksiidestric, the third
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group.of dielectric materials..The first.layet of jnsulatin aterial may, be
pee e M s et b
asephodpyaiasilicting yizeda P8 GL)iordieyonop heslehugusasitichtadpassond
(BES% -clﬁ%y&'%ﬁtfwéﬁ SUgH gAY MB%&%B%&%? diffusion barrier

layer of a dielectric material deposited on at least one of the second and
third layers of insulating material. The electronic structure may further

cmpite-aidieenticiohcopbottivetsbiomd layer ofdinsiikating rivstsiiahn
WRIGhAGLS ARRLEACINEIAN IRt R BRI MAsk-RachPalish SR Jayer
and a dielectric diffusion barrier layer on top of the dielectric RIE hard
98 the group consisting of Ta, Zr, Hf and W} silicon carbide, carbon doped oxide or
SiCOH and their hydrogenated compounds. The first and the second dielectric cap layers
may be selected from the same group of dielectric materials. The first layer of insulating
material may be silicon oxide or silicon nitride or doped varteties of these materials, such
as phosphorus silicate glass ("PSG") or boron phosphorus silicate glass ("BPSG"). The
electronic structure may further include a diffusion barier layer of a dielectric material
deposited on at least one of the second and third layers of insulating material. The
electronic structure may further comprise a dielectric on top of the second layer of
insulating material, which acts as a reactive ion eich ("RIE") hard mask and polish stop

layer and a dielectric diffusion barrier layer on top of the dielectric RIE hard mask and
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Sa polish stop layer. The electronic structure may further comprise a first
dielectric RIE hard mask/polish-stop layer on top of the second layer of
insulating material, a first dielectric RIE hard mask/diffusion barrier layer
on top of the first dielectric polish-stop layer, a second dielectric RIB hard
mask/polish-stop layer on top of the third layer of insulating material, and
a second dielectric diffusion barrier layer on top of the second dielectric
polish-stop layer. The electronic structure may further comprise a
dielectric cap layer of same materials as mentioned above, between an
inbeHehvepaielsstriche Plesinis AR RSB duaerae AR Srd drkatic BEE
e Rt AR e Pk e
e foregoing objects, featyres and advantages present invention
B LAY SO (oG TR DG S PRSP
ajpyen dadednd Wisgain Rilfidhrd Riglreckdlepiptinihecgenesdtisidécndinier of

St ! , C C
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tHcis s pakehirenigns 8o caite oI raR R P amIB i gelictawns.
Thip sige: @f_eﬁi]@mmgi@@@mm heabeLobansalnBIReibiene
groups.in e cycle, in and n. | referred case of cyclopentene
e S B R AR TR e
of an unsaturated bicyclic ether, also known as a unsaturated oxabicyclic,
which is a preferrggheppauaek igrirensasoRd rseCiNeRi @ this general
schematic, the compound includes two rings, one of which contains an
oxygen atom. The size of each ring is determined by the number
offepéatingnanbitie fretgrowps aeatiycyditelrencana ruiihievid sitiomef
the sisatcaiac BANGIS. AeteImINSEBY IR A0H) A LREE MRS Hh which:
9-oxabicylo[6.1.0jnon-4-ene,1= 0, m=2 and n=2. Figure 3 depicts a
cross-sectional view of a parallel plate chemical vapor deposition reactor.
aBiordihgdndhepreaent dnentitnuduigireabitedictsisef alsténdvaastorm
Infianedl&iE DA ﬁ%@ﬁ%@%@@&ﬁ{g&ﬂﬁm §é&9$%x%f;%sgﬁp&%dgéﬁ%%a
mixture of tetramethyloyclotetrasiloxane (*TMCTS") and He,

schematic, the compownd includes two rings, one of which contains an oxygen atoni.

The size of each ring is determined by the nurmber of repeating methylene groups in each
cyele, m and n. In a highly preferred case of cyclopentene oxide, m =0 andn =2,

Figure 2 depicts ﬂae general electronic structure of &n unsaturated bicyclic ether, also
 known as a unsaturated oxabicyclic,.wlﬁch is a preferred compound for the second
precursor. In this general schematic, the compound includes two rings, one of which
containg an oxygen atom, The size of each ring is determined by the number of repeaﬁng
methylene groups in each cycle, 1, m end n. The position of the unsaturated bond is
determined by 1z and n. In the example of 9-oxabicylo[6.1.0lnon-4-ene, | =0, m =2 and

n=2,

Figure 3 depicts a cross-sectional view of a parallel plate chemical vapor deposition

reactor according to the present invention,



Figure 5 depicts a FTIR spectrum obtained from the inventive ultra.low-k
material deposited from a mixture of TMCTS+He and cyclopentene oxide
according to the present invention. Figure 6 depicts an enlarged,
cross-sectional view of an electronic device having an intralevel dielectric
layer and an interlevel dielectric layer of ultralow-k material according to
the present invention. Figure 7 depicts an enlarged, cross-sectional view
of the electronic structure of Figure 2 having an additional diffusion barrier

dielectric cap. layer on top of Itra@g-k aterial film according to the

or S 4 SR T BT el o LR RO GBI B COH
thé leteidpositedshn turexoft ifuse S diayingl epiasilitens RIEITaM and He,
mask/polish-stop dielectric cap layer and dielectric cap diffusion barrier

on top of the polish-stop layer according to the present invention. Figure 9
et arfenitia Ed R rpsergactiaardibamotthielsbroliclswrdcnaterisl
Figepesttedaying addiopetRtrbard maskiolishaalondleleciiea¥aER Bhsent
top of the interlevel ultralow-k material film according to the present

inVEHti" DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS OF THE INVENTION The present invention discloses a

methad folfabrisating ahermaly.siabieuialow dislsslrie congiantfilm

in a parallel plate plasma enhanced chemical vapor deposition

(BERGS e etisartiend andntr el Biskgtirdueeppérbinderchpeeinient
cantaiiding tmbdrixeedndihyaitegenated oxidized silicon carbon material
(SICOH) comprising Si, C, 0 and H in a covalently bonded network and.
having a dielectric constant of not more than about 2.8, which may farther

cafiEs riseictsiar sdatesdossappionahviaslpiols decipmnio sianometdtimre 2
diampigsfaithenredusinontbadiclpqticeasRptioMal s Ralow RRau; -
Z.QImMor%B%efter lgl fetsh%di‘\(;\le tr}ilc constant for the ultralow-k film is in a
rangeﬂg?oa oGt 1. 0 about Z. ,Oand most preferably the dielectric
constant is in a range of about 2.0 to about 2.25. To produce an

ulpglewskitheemalbhmtable e, 3-apeaifcgenmeiiealdie SeBRNIRR; gure 3
e LR R A O R S S RS S Y yel mng A Ficia o

diffusion barrier on top of the polish-stop layer according to the present invention.

Figure 9 depicts an enlarged, cross-sectional view of the electronic structure of Figure 4
having additional RTE hard mask/polish-stop dielectric layers on top of the interlevel

ultralow-k material film according to the present invention.

DETATLED DESCRIPTION OF THE
PREFERRED EMBODIMENTS OF THE INVENTION

The present invention discloses a method for fabricating a thermally stable ultralow
dielectric constant film in & parallel plate plasma enhanced chemical vapor deposition
(“PECVD”) reactor. The material disclosed in the preferred emtbodiment containg a
matrix of & hydrogenated oxidized silicon carbon material (SiCOH) comprising 8, C, O
and H in a covalently bonded network and having a dielectric constant of not more than
about 2.8, which may firther contain molecular seale voids, approximately 0.5 to 20
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parallel plate reactor, a conductive area of the substrate chuck should be
between about 300 cm2 and about 700 cm2, with a gap between the
substrate and a top electrode between about 1 cm and about 10 cm. A
RF power is applied to the substrate. In accordance with the present
invention, the ultralow dielectric constant film is formed from a mixture of a
cyclic siloxane precursor such as TMCTS and a second precursor, which
is an organic molecule, selected from the group consisting of molecules

with rin ures, such as cyclopentene oxide, in a specifically
carﬁ%%%&%%%ﬂsfﬁfr B IETEE éﬁ%%@&a%ﬁw%uﬁﬁﬁtar@qﬁw about 2.0.

mmmwhmmﬁﬁmmﬂmﬁﬂww&@mtt\&@mtt@ﬁrgetbﬁabout 1.5

formed £.CQ |
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treazté‘gafnt step, moIecuI fragments derived from the second precursor
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Ithe}t hads¢a Lﬂgralow dlele(%trrc?%on ta Iower than aboug 2.8,
orin

| V\I/?rlceh IS SUItAD! egratfon in a Owﬁ?}lngns RS Rhpss: such as
prefersBisoalie dcle etedBrrtnpibetind invdiviveagioralodedepfitii dserrtion

rafgerehabaubdRiaca R At dnFagsh alieierallesthei el iche
c‘g%tant IS maragggﬂ% bout Otoa out2 25. The.inve f?ve ilms can

$& = ?R%gl LB B SOrR R Y Beifithe

be preparezgcgi/ C
domBitiation ehpiot Ebvinttbarmwetérseatoueschibte: frelsint elwdat a
Regierakby b dissh Bl ess e selestest oM oIS SR SMHACEIRG dislectrio

structure Qm SICOH compon nts such as 1,3,5,7.11

B AR BRI PR P8 1S JATB e o Bom th sccomd
mmmymemmmmmwmﬁﬁm D8 HRUCHS M) Moimdorenalty,
ttte:ﬂr%grmy I&%ﬁp@@%@&sg/@é%%ﬂ% RRNEICORBISING FIRare
structet{%onctg é]mar& equivale Mu ber of Siand 0

releas e . Optionally, er development of voids may ocour in the film
by the process of conversion ?nd release of the molecule fragments. The film density is
thus decreased. ‘

The present invention provides a method for preparing a material that has an ultralow
dielectric constant, i.e., lower than about 2.8, which is suitable for integration in a BEOL,
wiring structure. More preferably, the dielectric constant for the inventive ultralow-k
film isin a range of about 1.5 to about 2.5 and, most preferably, the dielectris constant is
ina raxige of about 2.0 to about 2.25. The inventive films can be prepared by choosing at
least two suitable precursors ancila specific combination of processing parameters as |
described herein below. Preferably, the first precursor is selected from molecnles with
ring structures comprising SiCOH components such as 1,3,5,7-
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atoms bonded in an alternating fashion to which alkyl groups (such as
methyl, ethyl, propyl or higher or branched analogs as well as cyclic
hydrocarbons such as cyclopropyl, cyclopentyl, cyclohexyl, and higher
analogs) are covalently bonded to at least one of the silicon atoms,
including the cases where all the silicon atoms have two alkyl groups
attached. Such alkyl groups may be similar or dissimilar. Additionally, the
silicon atoms of such cyclic.siloxanes may be bonded to hydrogen, in

which ¢ these compoun yb nsidered partially alkylated
BT R AL T8 L U ML ST S L OB Hparorane
?Ml&o@ﬂwﬁm@)ﬁm-@wwwqmmb 4 'mgablmﬁfeyawing,

t ; ty: It ay be Introauced to the.
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e e B S
oPATBFRGY B SHRIHSE R RABOM S susREraN & Whistorgeriesreaapounds

avaijciel ecaxidmplesitiblivese; aee hodexahicyein[3.1.0]hexane or ‘
cyclopentene oxide (bp =102C at 760 mm Hg); 7.oxabicyclo[4.1.0]heptan

or cyclopexene oxide (bp =129C at 760 mm Hg); o

o heBrEYE BTG U B Ra PR ) dHCE 6 KgEqRies~cBB G rin S i 44¢ 1D

angdmy anxabicysingBAhdnrtane @ithdrenairy olohexanei ikl fay be

a}'rztrlo%ume@ tng%é g/locgse1 qgener CIJy sp&ciﬂesghat fit thaeqforrgzla shown In

Figure I may be %ns: ere suf%%a%le.p Addi 6%1%, fie® %%%aﬁjrr&fﬁldsorl _

nPaSEHEY e/shiiteralretbioinmttuiaioN.ds H, O-boletinyois i o)ntimdi énthe
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in Figure urthermore, the second precursor may have additional _

il e SR SR e

aPATERIRS hresate R ayrbresnEeliyressanhy Gdesse cpebien dhe snastiogable are

tmg&mm&%%hﬁ%f@%m ORIy 61plde0) AR ARIR ARRPRTEI IS or

& A3 @nlgl%)r P more atoms. Particularly attractive, are members of a class of
compounds known as oxabicyclics. Among the readily availsble examples of these, are
6-oxabicyclo[3.1.0Thexane or cyclopentene oxide (bp = 102°C at 760 mm Hg);
7-oxabicyclo[4:1.0]beptane or ¢yclohexene oxide (bp = 129°C at 760 mm Hg);
9-oxabicyclo[6.1.0]nonane or cyclooctene oxide (bp =53°Cat Smm Hg}; and
7-oxabicyclo[2.2.1 Theptane or 1,4-epoxycyclohexase (bp = 119°C at 713 mm Hg). More
generally, species that fit the formula shown in Figure 1 may be considered suitable.

Additionally, the second precurgor may have some degree of unsaturation as in
9-oxebicylo[6.1.0on-4-ene (bp = 195°C at 760 mm Hg) or compounds of the general
structure shown in Figure 2. Purthermore, the second precursor may have additional
functionalities including, but not limited to; ketones, aldehydes, amines, amides, imides,
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3-oxabicyclo[3.1.0]hexane-2,4-drone (bp = 100C at 5 mmHg).
Furthermore, the first precursor may further be mixed with CO2 as a
carrier gas or the first and second precursor gases may be mixed with
CO2 or a mixture of CO2 and 02 in the PECVD reactor. The addition of
CO2 to the first precursor as a carrier gas, or the addition of C02 or a
mixture of CO2 and 02 to the first and second precursors in the PECVD
reactor provides a stabilizing effect on plasma in the PECVD reactor and
improves the uniformity of the film deposited on the substrate. When CO2

is adimxedtowitntydtfitet arbicnetesndipls drirstres trd BinbknesfrcO2 may
be fLomaRRL 23, %mﬁpz-%ﬁewpm%@%?m andipyarg preferably from

about 50 seem to about 500 scan. When a mixture of CO2 and 02 is
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reactor. 10 is the type used for. proce E’io mm warf he inner
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Y, isyapyroksmaiéyngth af dhent: &@Memmmsnbswatﬁwma dgmixed
ap%%%%%%@s%cb%‘}f&u%@?s%%%ﬁ&%ﬁ Iy &ﬁ%@ﬁb@%&%&% |

through istribution plate ('GDP" that is spaced agart rom

su @Eﬂ%&tgogﬁam @@5@%@?%&1 PRt OSsendeslath a0 feerb B &

reaﬁtﬁmﬂbﬂﬂoy ghian3 inainerddamist pertdBaRkgponierisrsannestest
16 which is electrica Iat fram r r10 an substra
chuc(?<z ﬂ %rodﬁ?e? Eor@é}lgi l}?;%g’gs rpaqg 0 %m OfOE
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cagg t{‘? substrate acquires a negative bias, whose value is dependent
e reac?g?igeometry and plasma parameters. In another embodiment,
more than one electrical power supply can be used. For instance, two

powe Ewpﬂmga@ DRerale 3l4RenameREHUMRARY W RRABAion
Op?[l%%e’f)?reaotor% 0 is the type used for processing 200 mm wafers, The inner
diameter, X, of the reactor 10 is approxm'miely 13 inches, while its height, Y, is
approximately 8.5 inches. The dia_rﬁeter of subsirate chuck 12 is approximately 10.8
~inches. ‘Rea,ctaﬂt gases are introduced into reactor 10 through a gas distribution plate
(“GDP”) 16 that is spaced apart from substrate chck 12 by a gap Z of about 1 inch, and
are exhausted ottt of reactor 10 through a 3-inch exhaust port 18, RF power 20 is
connected to GDP 16, which is electrically insulated from reactor 10, and substrate chuck
12 is grounded. For practical purposes, all other parts of the reactor aré grounded. Ina
- different embodiment, RF power 20 can be connected to subétmi‘e chuck 12 and
transmitted to substrate 22. In this case, the substrate acquires énega’civebias, whose
value is dependent on the reactor geometry and plasme parameters. In another
embodiment, mote than one electrical power supply caz be used. For instance, two
power supplies can operate at the same RF frequency, or one may operate at 2 low
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frequency and one at a high frequency. The two power supplies may be
connected both to the same electrode or to separate electrodes. In
another embodiment, the RF power supply can be pulsed on and off
during deposition. Process variables controlled during deposition of the
low-k films are RF power, precursor mixture and flow rate, pressure in
reactor, and substrate temperature. Surfaces 24 of reactor 10 may be
coated with an insulating coating material. For instance, one specific type
of coating is applied on reactor walls 24 to a thickness of several mils.
AHOIHEFHE B iR AEREFRIth ARH YD BRVGE SPRIPSIaE Rafodtaer o
iSo &himeaMine &f @lieiparae elfieothsu ataiohsisiabédireisrRWith v
oxygen plasma. The te rature of the heated wafer. chuck contrgls the
R et o S R T RO S R O
aimpeditone heiowrdoibardedepifiecrcpredynor oot prod Seuinge. pressure in

PRERRERHascHbed heraip above are employed such that the inventive
ultralow-k material prepared preferably comprises: between about 5 and
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below are several examples of deposition of films utilizing a first precursor
tetramethylcyclotetrasiloxane (TMCTS) and a second precursor
Ciclopedrerd it OPElioassitiia St prokitembpretmertn gukbsnspids of
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-2, the recursor vapors were transported jnto the reactor y

e A SRR PO R DS, R TOCOPS e s
trérpoitedrbspbofGiidatetiverposi/mund shoktd 2xamples &4t ofe THETS)
PERCAHH ST MM S WE QA IR BPQHECLINR AN HERGIRN USINg S5 Qende ﬁe&%ﬁfi &f

s, while in the example 8, the TMCTS was transported by a liquid

livery system. Optionally, the films were heat treated at 400C after
deposition to reduce k 14

The main process variables controlled during a deposition process for a film are the RF

power, the flow rates of the precursors, flow rate of CO;, or flow rates of CO; and Oy, the
reactor press;ure and the substrate temperafure. Provided herein below are several
examples of deposition of films utilizing a first precursor tetramethyleyclotetrasiloxane
(TMCTS) and a second precursor cyclopentene oxide (“CPO™), as weil as deposition of
films in presence of COa or CO, and O3, according to the present invention. In the
examples 1-2, the TMCTS precursor vapors were transported into the reactor by using He
as & carrier gas, while in the examples 3, the TMCTS was transported by a liquid delivery
systm. In the exemples 5-7, the TMCTS precursor vaporé were transported into the
reactor using CO; es a carrier gas, whilein fhe exarnple 8, the TMCTS was transpcirted
by a liquid delivery system. Optionally, the fiims were heat treated at 400°C afier
deposition to reduce k.
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It should be emphasized that the fabrication method according to the
present invention is only possible by utilizing a deposition reactor that has
a specific geometry with uniquely defined growth conditions. When a
reactor of different geometry is used under the defined growth conditions,
the films produced may not achieve the ultralow dielectric constant. For
instance, the parallel plate reactor according to the present invention
should have an area of the substrate chuck of between about 300 em2

ang aboid Mg andPIRIEAARIMBR WER APAERID ?ﬁ@%x@%ﬁ%ﬁon is

600 cm2. The gap between the substrate and the gas distribution plate
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e R e PR LR R RO AR 0Oy r&%@ﬁy hsersradimgubstrate and
thmgmﬁlEﬁnbunstqnme {er wafdectedy) és el dhetwean aliabout 10 cm, and

2 W about
% S e R %%%iﬁﬂ%e%\ R AR e
1. GH6RHEH 2hiEgorsRSYBEnAREH BoME0as appie hMHd, ap nradesibly at
Wi is. astilize. Azmaﬁam]gg@tf&wram EM%T@W@@%G@%IM af

rn and 100 m and bI hetwe n ut 25 sc
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2, whe f
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for 02, an flofw alte for CO
scern, and preferably between about 25 scom and about 200 scom is utilized. A reactant

~ gas flow rate of CPO between about 5 scem and about 1000 scom, and preferably
between about 10 scem and aﬁout 120 scom is utilized. A total reactant gas flow rate of
TMCTS-CO,, where CO; is used as a carrier gas is from about 25 scem to ghout 1000
scem, flow rates for CO, and Oz mixture are respectively from about 25 scem to 1000
scem for CO; and from about 0.5 scem fo about 50 scom for O, and flow rate for COy
from about 15 scom to about 1000 scem. A tofal reactant gas flow rate of TMCTS-COs,
where CO; is used as & cearrier gas is preferably from about 50 scem to 500 scem , flow
rates for CO; and Oz mixture are preferably respectively from about 50 scem to about 500
sccm for CO, and from sbout 1 scom to about 30 see for O, and flow rate for CQ,

 preferably is from about 50 scom to about 500 scem. Reactor pressure during the
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preferably is from about 50 seem to about 500 seem. Reactor pressure
during the 15 deposition process between about 50 mTorr and about 5000
mTorr, and preferably between about 100 mTorr and about 3000 mTorr is
utilized. It should be noted that a change in the area of the substrate
chuck by a factor, X, i.e., a change from a value in the range between
about 300 cm2 and about 700 cmZ, will change the RF power by a factor,
X, from that previously specified Similarly, a change in the area of the

su strabe chuck bﬁe‘? fact f [5% cha e |rt1 ggﬁo%l betw(een th&lgas
diSHBE Bﬁpﬁt)a?e and e subf)l rate by a factor Olﬁ’o i
prb@tm&ly@ébﬁﬁeﬂTmMﬂd@Mé&%eﬂfmts atitradge by a factor, YZ,in
the gas flow rates from that previously specified. If a multistation
deposition reactor is used, the area of the substrate refers to each
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period between about 0,5 hour ﬁ%nd ahout 4 hours. The stabilization

pr he Espria) %‘B&hﬁéﬁﬁwﬁg’ aetrEnY i P 208 AR RIS 159BUEES a
tepnpavatlyr gecifiolelfibond 300 Tiyedlielectritoc tnstaintscattheffitm s:abstrate
ohtained Ascoriing. ipdhsRIesEREIaNE Hon Fralawenibanaboul 2., he

thermal stablllty of the films obtained according to the present invention in

drdoidun frgRiHpReTRie &ﬁ%@ltg&st%#eﬂﬁwéﬁa%%ddpemt%mf bpriRe
eImamﬂmedm&ﬁmmtatoﬁﬁﬁﬁmgﬂ%ﬂwﬂes&ﬁbmv@%ﬁw&a@owm in
Figures 6- 9. It should be noted that the devices shown in Figures 6-9, are
merely illustrated as examples according to the present invention, while
cohmissesieidime sieatabilived Refperidrraesiebrain artioe preswine The
- invebiieftidnigike s @emegﬁeﬁlﬁ@w@m& Mm&&tﬁaﬁg&@ Ht shma sileano
sy On sub tra ins erial layer 34 is
fo?%gec?{@tst(? goﬁrst region é met tt% gﬁg erelrmg?alﬂ%emical

miekbmtar ptﬂf@ﬁﬁﬁgn(aew;v%ee@%%ac@a@d%mﬂ annealing process at
ternperatures above about 300°C. The dielectric constaats of the films obtained

according to the present invention are lower than about 2.8. The fhermal stability of the
films obtained according to the present invention in non-oxidizing ambient is up to at
Teast a temperaturs of about 400°C.

The electronic devices formed according to the present invention are shown in Figures 6-
9. It should be noted that the devices shown in Figures 6-8, ars merely illustrated as
examples according to the present invention, while countless other devices can wiso be

formed according to the present invention.
Figure 6 depicts electronic device 30 that is built on a silicon substrate 32. On top of

silicon substrate 32, insulating material layer 34 is formed with a first region of metal 36
embedded therein. Aftera chemical mechanical polishing (“CMP*) process is conducted
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16 on first region of metal 36, a film such as an ultralow-k film 38 is
deposited on top of first layer of insulating material 34 and first region of
metal 36, First layer of insulating material 34 may be suitably formed of
silicon oxide, silicon nitride, doped.varieties of these materials, or any
other suitable insulating materials. Ultralow-k film 38 is patterned by a
photolithography process and conductor layer 40 is deposited therein.
After a CMP process on first conductor layer 40 is carried out, second

| ltralow-k fil deposited d
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NRWAON i alg%gfg 3% ) {%M%S%%grgé%ﬁﬁeﬂ Mh{Rd QAH&&E&%F?‘ '}]haé?

the irst layer o mater IS specific example irst
Ia‘;%?%‘ﬁﬁ@ﬂ%’ﬁﬁ@ﬁﬁ*éﬁ@%ﬁ%%ﬁ% an ultralow-k material accordlng to

the present invention, serves as an intralevel dielectric material, while the

econ er of i suI aterial, i.e..the I K fil 44 Serves as
bot a8r11 ??11)'[/ %I%/% g a%grlrgtbergle m?%il’eafﬁe{né%gagﬁ{f %rnp rbceofs [3) escetcf?gd
cah@éamléﬁ&héam:%ﬂwﬁw%&p@w hméﬁ?@pﬁ@mwé@r B second
aedsﬁauadrl@mwfﬁiiw@ﬂmmss @@ﬂ@@ﬁ@@%ﬁ%ﬂé@@ﬁgﬂw;ﬂ&emc

ure deplctse troni VIC ordl o4 the present inventi
S|m &r'to that of eaﬁltronlc BWh i ngﬁe%‘ E? ﬂ’tﬁ(cw&c’m

atiRioRalfdeteetnd r@a@wé%i@c@é é@gtwbeméwmwgmgh the first
niadeiialiayen3@and.serenthin s aling Batan ayayarultralow-k insulator 44,

The second layer of ultralow-k film is in intimate contact with the first layer of insulating
material 38, -In this specific example, the first layer of insulating material 38, which is an
ultralow-k mateial according to the presént invention, serves as an intralevel dielectric
material, while the second layer of insulating material, i.e,, the ultralow-k film 44, serves
as both an intralevel and an interlevel dielectric. Based on the low dielectric constaﬁt of
the ultralow-k film, sup erior insulating property can be achieved by first insulating layer

+ 38 and second insulating layer 44,

Figure 7 depicts electronic device 60 according to the present invention, similar to that of
electronic device 30 shown in Figure 6, but with additionsl dielectric cap layer 62
deposited between first insulating material layer 38 and second insulating material layer
44. Dielectric cap layer 62 can be suitebly formed of & material such as silicon oxide,
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44. Dielectric cap layer 62 can be suitably formed of a material such as
silicon oxide, 17 silicon nitride, silicon oxynitride, silicon carbide, silicon
carbo-oxide (SiCO), modified ultralow-k and their hydrogenated

. compounds, as well as refractory metal silicon nitride, wherein the
refractory metal is selected the group consisting o Ta, Zr, Hf, and W.
Additional dielectric cap layer 62 functions as a diffusion barrier layer for
preventing diffusion of first conductor layer 40 into second insulating
material layer 44 or into the, lower Iayers e ially into Jayers 34 and 32,
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Figure 9 depicts still another alternate embodiment of electronic device 80 according to
the present invention. In this alternate emsbodiment, an additional layer of dielectric 82 is
- deposited and fhus divides second insulating material layer 44 into two separate layei*s 84
and 86. Intralevel and interlevel dielectric layer 44, as depicted in Figure §, is therefore
divided into interlayer dieleciric layer 84 and intralevel dielectric layer 86 at the
boundary between interconnect 92 and interconnect 94, as depicted in Fiéguré 9. An
additional diffusion barrier layer 96 is further deposited on top of the upper dielectric
layer 74. The additional benefits provided by this alternate embodiment of the electronic
structure 80 is that the dielectric layer 82 acts as a RIE etch stop providing superior
 intercomect depth control.
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interconnect depth control. is The following examples are presented to
illustrate the fabrication of the ultralow-k dielectric film in accordance with
the present invention as well as to demonstrate advantages that can be
obtained therefrom: Example 1 In this example, according to Figure 3, a
wafer is first prepared by introducing the wafer into reactor 10 through a
~ slit valve 14 and pre-etching the wafer by argon gas. In this wafer
preparation process, the wafer temperature is set-at about 180C and the
argon flow rate is set at about 25 stem, to achieve a pressure of about

1Gbarfriioning Rmmbeerasraraieddendustradhaiduicatenw the wseaneo
serpads ARk Rensianthine Agon gasnionsarrineRotuinrdsafte The

TMCTS precursor is carried into the reactor reactor using He as a carrier
gadvaniages teteaybe sheinsg BB Msig at the inlet to the TMCTS
container. The ultralow-k film according to the present invention can be
dﬁggglit?dlby first establishing gas flows of TMCTS+He and CPO to

d rates and pressure, i.e., at about 20 seem of TMCTS+He

aHutkp s se asersiGROFR doo U g ds fAmo prepaRiFoy doladisitgthe wafer
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depoisitetkfilrsicl fcstonfatthehitnprgvres the oftlienmh A Gtalbility A.8F towasdee
them Iabie Al SHRe MUFPR OLEAIES HIaR mROGHLNE: R 3FQ ﬁ@%lrtgggi gas

annealed to evaporate the volatile contents and to dimensionally s
tﬁ]é“’fiﬁ"r%helﬂﬁ%%ls?%nnealing process can be carried out in an annealing
furnace by the following steps. The furnace is first purged for about 5
Y %‘i”éth e JIm.samelaging.a 105t i%‘)&é‘ﬁg roqen aLa fow, ;
rate éﬁ% ou?igﬁﬁgfé?m%ﬁjte. T(Eté‘ fﬂjm s%m%%%s are f%n tra?\agge%?% ’ir;\ﬁt%ls

tREAFOFFAEE PEAbeEt Irsaat irdPede SmBding cpefeler hdafingraRy s o
aheuR80C 8t arheatingeaatenehaboidheitslipy shaldingatfhe Eo3SE
f mi heating at a.second heating.rate, of ahout 5C/minute
R B A e Fl S A S

faR&de oiesnd dvhirigameTifRC and about 100 mTorr. A RF power 18 then turned

" on at about 15 W for a time period of about 50 minutes. The RF power and the gas flow
are then turned off. The wafer is then removed from reaction reactor 10.

To reduce the dielectric constant of the deposited films and to further improve their
thermal stability, i.e., to make them stable at temperatures greater than 300°C, the films
are post annealed {o evaporate the volatile contents and to dimensionally stabilize the
films. The post anneaiing process can be carried out in an annealing furnace by the
following steps. The firnace ig fizst purged for about 5 minutes (with the film samplesin
a load station) with nitrogen at a flow rate of about 10 liters/minute. The film samples
are then transferred into the firnace reactor to start the post annealing c};cle of heating the
films to about 280°C at a heating rate of about 5°C/minute, holding at about 280°C for
about 5 minutes, heating at a second heating rate of abéﬁt 59C/mimute to about 400°C,
holding at about 400°C for about 4 hours, turning the furnace off and allowing the film
samples to cool to 4 ternperature of below about 100°C. A suitable first holding

19



samples to cool to a temperature of below about 100C. A suitable first
holding 19 temperature maybe between about 280C and about 300C,
while a suitable second holding temperature may be between about 300C
and about 400C. Results of the first embodiment are now discussed in
reference to Figures 4 and 5. Figure 4 presents a Fourier transform
infrared (" FTIR") spectrum of a typical SICOH film. The spectrum
displays a strong Si-O absorption band at about 1000-1100 cnf', a Si-CH3

a ' 7 1-~aSi- apjs@qgio and at about
21%%%%%%?@1&? %%%%%ﬁe%qggs%%%oagoﬁea s at ‘g%g%% i -%6668n§m--
1. Iriingiampeante e ds bittrerGbpuSiNEAdisietd pediés as compared

to the SiO peak of the SICOH film are presented in Table 1 herein below.
Fir%ure 5 pr%sents the ETIR spectrum obtained from an ultralow-k film
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theable CBggpebitowhile it is only 2% of the Si- CH3 peak in the SICOH

film. This is a clear indication that the ultralow-k film contains a significant
a%]ount of a secondary CH. (hydrocarbon) phase in addition to the SICOH
Y
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much stronger for the ultralow-k flm than for the SiCOH film shown in Figure 4. The
relative intensities of the CH, and SiCH; peaks as compared to the Si0 peak for this film
are also shown in Table 1. As particularly illustrated in Table 1, the integrated area of C-
H peak of the ultralow-k film is 409 of the Si-CHj peak, while it is only 2% of the Si-
CHj; peak in the SiCOH film, This is & clear indication that the ultralow-k film contains a
significant amount of a secondary CH, (iaydmcarbon) phase in addition to the SiCOH
phase. Another characteristic of the FTIR spectrurn of the ultralow-k film is the splitting -
of the Si-O peal into two peaks at about 1139 cm™ and about 1056 em™, as particularly
iflustrated in Figure 5. |

Table 1. Relative integrated intensities of FTIR absorption pesk

mmm o CH/SIO (%) STE/SIO (%) SICH/SIO (%)
SiCoH 2 7. 5
Ultralowsk 10 0 4
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In this example, a wafer is prepared as described in Example 1, but the
wafer temperature is set at about 300C. The TMCTS precursor is then
carried into the reactor using He as a carrier gas; He is at a pressure of
about 5 psig at the inlet to the TMCTS container. The ultralow-k film
-according to the present invention can be deposited by first establishing
gas flows of TMCTS+He and CPO to desired flow rates and pressure, i,e.,
at about 150 seem of TMCTS+He and about 50 stem of CPO and about

2000 mTorr. A R? power is then turned on at about 150 W for a time
pgg%%‘l%éout 10 minutes. The RE power and the gas flow are then

tainebiodfatipi\uafefsidtheparedna eshiton EreANIQNHRARIGHED t@hskrature
a I | ' le 1. Example 3 In thi ample, a reactor
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the wafer moving to the next station after a preset time interval. _é’Vv% er
is%&mﬁ,\%%ﬁh% Erion vl asbep aeBrigd e desstieiisactor 10
statibmnagddisniealgbedmdasened in Example 1. In the foregoing
examples, the plasma was operated in a continuous mode. In Example 4
herein below, the plasma is operated in a pulsed mode. Example 4 In this
em&e deposition is performed under conditions similar to Example

s e Y

A e Lo B R (s gt

filtpine afAwE delixgvastmaic fomyainplfeiabpa AsmbfescrbbthirCHRis flown at

foregebigiexaniplesxihediipsHialais Riepasediaye WRICEHIG: canstants:
'r})m?errgpgo%t%fé?}g%ta%doaﬁgv? Ou&e%é%spower of about 300 W are applied'to the
reactor. The ultralow-k film deposition is performed on the wafer at sach siation with the
wafer moving to the next station after & preset time interval. The wafer is removed from
the reaction reactor after passing the last deposition station, and annealed as described in
Example 1,

In the foregoing examples, the plasma was operated in a continuous mode, In Example 4
herein below, the plasma is operated in a pulsed mode.

Example 4
- Inthis example, the deposition is performed under conditions similar to Bxample 1, but

the plasma is operated in a pulsed mode, 1.e., with a duty cycle of about 50% and a
plasma-on time of about 50 msec to about 100 msec. After removal of the wafer from
reactor 10, the wafer with the deposited film is annealed as deser{bed in Example 1,
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Example 5 In this example, according to Figure 3, a wafer is first prepared
by introducing the wafer into reactor 10 through a slit valve 14 and
pre-etching the wafer by argon gas. In this wafer preparation process, the
wafer temperature is set at about 180C and the argon flow rate is set at
about 25 scorn, to achieve a pressure of about 100 mTorr. A RF power is
then turned onto about 125 W for about 60 seconds. The RF power and
the argon gas flow are then turned off. The TMCTS precursor is carried
int tge reactor reactor using COEﬁ;\s a carrier gas; CO2 is at a_pressure
of 35 it RSG5 AP o Sl e PrERE ARSI
accaiding in tireprsemibiweitnniean hesdeposited by first
establishinggas flows of TMCTS+ CO2 and CPO to desired flow rates
and pressure, i.e., at about 20 seem of TMCTS+ CO2 and about 10 seem
of Emomasd about 100 mTorr. A RF power is then turned on at about 15
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are then turﬁgd off. The W?;ir is then removed from reaction reactor 10.
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anHeal§ By recutdoe Hirgigfantiliths teieborrdB80GiaE & Bestingarategss; CO;
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second.heating rate of. about 5C/minute to ahouf, 400C, holding at about
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gas fiow are then tumed off. The wafer is then removed from reaction reactor 10.

To reduce the dislectric constant of the deposited films and to fiirther improve their
thermal stability, i.e., to make them stable at temperatures greater than 300°C, the films
are post annealed to evaporate the volatile contents and to dimensionally stabilize the
films. The post annealing process can be carried out in an annealing fizrnace by the
following éteps. The fumnace is first purged for about 5 minutes (wzth the flm samples in
a load station) with nitrogen at 2 flow rate of about 10 liters/minute. The film samples
are then transferred into the furnace reactor to start the post annealing cycle of heating the
~ films to about 280°C at a heating rate of about S°C/minuie, holding at about 280°C for

' about 5 minutes, haaﬁng at a second heating rate of about 5°C/minute to about 400°C,
holding at about 400°C for about 4 hours, turning the furnace off and allowing the film
samples to cool to a temiperature of below about 100°C. A suitable first holding

22



In this example, a wafer is prepared as described in Example 5, but the
wafer temperature is set at about 300C. The TMCTS precursor is then
carried into the reactor using C02 as a carrier gas; CO2 is at a pressure
of about 5 psig at the inlet to the TMCTS container. The ultralow-k film
according to the present invention can be deposited by first establishing
gas flows of TMCTS+ C02 and CPO to desired flow rates-and pressure,
i.e., atabout 150 seem of TMCTS+ CO2 and about 75 seem of CPO and
about 2000 mTorr. A RF power is then turned on at about 150 W for a
tirFRPBEAGE PRRA R FHARAES? 5P He 2R &P Witel HhE e HaRle afePtifen
turaRigferihenedetds ibeawemaved dmTthed sbagtimoreactor 10 and
annealed as described in Example 5. In the foregoing examples, the
plasma was operated in a continuous mode. In Example 3 herein below,
th8xsimata 8 is operated in a pulsed mode. Example 7 In this example, the

depesitionds.Rerformed pﬁﬁ&%&@p&*&l&%&k@ﬁa 0P 6wl 1 i erature
plasma is operated in a [iu sed mode, i.e., with a duty cycle of about 50% -

antits PRI Eh tmhd BECHE b sriTieh BN S AR Rg G as
ofstheenfes;(in iy eacipsdOe HHabvafemwithithe tepositedilots anreated

a ' i 5, e 8.1n this example, a reacto
e R e S e B i,

- cf?ﬁ@i’(’lié%é@ gasdlsvist oS FHECTRRC Pyvrod STPde lesireisllosrrries imdrrane, Le.,
?gQMPQS“f]!?Céﬂiqm B!e?o%yﬁmoat asfk@w;faée:ﬁma@%émgwmtaﬁ.
ein own at a. rate eem and t SSyr eln
A R A st o £ oo SO O Ang hera oL Fo B The
sdeimearit ORl theedolovare dieatone@ 5. sEbprwafer idhsixeadnovithfthe Has
it dMETSRhERR IR fereasiaElhe,rddition of the CO2 and

02 mixture stabilizes the plasma and improves the film uniformity, A total
high frequency 23 RF power of about 600 W and a low frequency RF
pdwibe Gfredsong 80O ER thegplisdits therarddtor ciiltudbaiowek filfxample 3

depesitianis perfemadepdhryvaterateaahdatation with the wafer
'moving to the next station after a preset time interval, The wafer is
removed from the reactor after passing the last deposition station, and

thiéxemafde nay further be
In this example, the deposition is performed under conditions similar to Bxample 5, but -
the plasma is Sperated in a puléed mode, i.e., with a duty cycle of about 50% and a
pl_ésma-on time of about 50 msec to about 100 mgec, Afier removal of the wafer from
reactor 10, the wafer with the deposited film is annealed as described in Bxamuple 5.

Example 8
In this exampie, a reactor including'é deposition stations is used. The temperature of the

wafer chuck is set at about 350°C. The TMCTS precursor is carried into the reactor
‘using & liquid delivery system at 2 flow rate of abo;_).t 5 mi/min, the CPO being flown at &
rete of about 250 scom and the pressure being stabilized at about 4000 mTorr. The CO;
at & flow rate of about 5000 scom and O at a flow rate of about 250 scem are admixed
with the gas mixture of TMCTS and CPO in the reactor. The addition of the CO, and O,
mixture stabilizes the plasma and imyproves the film uniformity. A total high frequency
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optionally annealed as particularly described in Example 5 hereinabove. A
rapid thermal annealing ("RTA") process may also be used to stabilize
ultralow-k films. The films obtained according to the present invention, are
characterized by dielectric constants k less than about 2.8, and are
thermally stable for integration in a back-end-of-the-line (BEOL")
interconnect structure, which is normally processed at temperatures of up
to about 400C. The teachings of the present invention can therefore be

easily adapted in producing films as intralevel and interlevel dielectrics in
bekROFEE Bf AbR PRy %@i@@&%ﬂ&@&yg?%mweﬁﬁw%&%%@whﬁ to
megihedoand Bleecnanisysiasiuies idimechadoardingniméRefresesth station with

inyention have therefore n tharoughly demonstrated.jn the.above
g T R TR a AT AR R e R b R e
erfiphidbizedethiat Hepescing the daof dhrowicotsticn. stddteresfatrogyriirther be
F'%H&ﬁﬁg%ﬂ%}%f@%%ﬂﬂ%@ﬂ&? dlusiraiethe inveoyve meihnd that can be

applied in the fabrication of countless electronic devices. While the
present invention has been described in an illustrative manner, it should
be\ tpiefisiend thedathe; ERTIOlpgysusedyialniendesd o hebilia natlve-Rf

ass hsepI. s e gl 5 15

éfgp.. Fur herq‘}or Qil
presentinvention ‘been particula owlﬁvgﬁ y sgr?%g\gwe% regpect

todielsrEie entartidoin i dperteieral artdhsamelbnsbdli fe Hismntisndnse
appipciaied-thatithoserskilodiia tognas maneaditARPHIRESEeashigS

to, oth ipl jati t ti ti ithout ti
RPN S € il CEOD 0 e DPECBRE BT L AR Lo et

metisedl Yo fateddatimerdacing tHmdlgs stéblevel wedont eletebdidectivs taefirend-

COPRESIRY HeeSIS e bR Q¥idiRa IR enhanced chemical vapor
deposition (PECVD) reactor; positioning a substrate in said PECVD

reactor; flowing a first precursor gas comprising cyclic siloxane molecules

infhsaidheE GV Bledautorstficwirfatiebstcardagpndhonzesasargasgon have

C%@f&%%%&%@féﬁl@ﬁsﬁm riif‘@lé&%%&@%pﬁons and in the appended
drawings of Figures 1-9. It should be emphasized that the exémples of the electronic
structures shown in Figures 6-0 are merely used to iliusirate the inventive method that

can be applied in the fabrication of countless electronic devices.

While the present invention has been described in an illustrative manner, it should be
understood that the terminology used is intended to be in a nature of words of description
rather than of limitation.

Furthermore, while the present invention has been particularly shown and desén‘bed with
respect to a preferred embodiment and several alternate embodiments, it is to be

- appreciated that those skilled in the art may readily apply these teachings o other
possible variations of the present invention without departing from the spirit and scope of

the present invention.
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having C, H and 0 atoms into said PECVD reactor; and depositing a film
comprising Si, C, 0 and H and a multiplicity of nanometer-sized pores on
said substrate in presence of CO2 or CO2 and 02. 2. The method
according to claim 1, further comprising a step of mixing said first
precursor gas with CO2. 3. The method according to claim 1, further
comprising a step of mixing said first precursor gas and said second
precursor gas with CO2 or a mixture of CO2 and 02. 4. The method

cLAImaccording to claim 1, wherein said PECVD reactor is of a parallel plate
type reactor. 5. The method according to claim 1, wherein said film is
optionally heated after deposition at a temperature not less than about

1. A nB0RE for Etldetrgba lir®12Blctiedis UTiaom etihisdidc cortitatdilctanonyrising the

steps Gwhereln said film has a dielectric constant of not more than about 2.8. 7.

ethod ccordjng to claim 1, v@ereln S ﬁﬁé{# é}as a dielectric

Provid R AN HRPHRGTb W AR EREFAE InEtiUe EaBHB o claim 1,

positionigeeainkstiridilnmshids & Gdlewtdcigonstant in a range from about 1.5 to

ﬂow;ng@%@ &é:t@gbgga@é‘omgltg% ey @lﬁgéﬁeqm‘@cué@m%@ﬁ%@@*@@% reactor

rises: between about 5 and about 40 atomic per(fent of Si; b

ﬂo“"mga% tAF R0 IS G BECORIBFES SERE P ERY %9089{;*1!“56”9 Stuctures
having &orhin pEreémnefrty aad Misbveeradiourtd and about 55 atomic percent

cieposﬂ@fd’b Afh J@ﬁp’r‘ﬂ@r‘i@@ @C@@H&QH%H@MH&U&?%@%}WMQ Q@e&E@rQ@bn said
bst rovidin r? a par. ?!g pla e rea Jo% having an area of a substrate chuc
substraga il B Al56 OaR8%88ut 700 cm2, and a gap between the

substrate and a top electrode between about 1 cm and about 10 cm. 11.

2. The %W%@&@%Q%%ﬁqcﬁmé J%B@é;ﬁ@@ Rrising Ristiep Lfidhrat precursor gas

th O treating said film at a temperature not higher than about 300C for a first
with Ciime period and

3. The method according to claim 1, further comprising a step of mixing said first precursor gas

and said second pracursor gas with CO» or a mixture of CO» and O-.

4. The method according to claim 1, wherein said PECVD reactor is of a parallel plate type

reactor.

5. The method according to claim 1, wherein said film is optionally heated after deposition at a

temperature not less than about 300°C for at least about 0.25 hours,

6. The method according to claim 1, wherein said fiim has a dielectric constant of not more than
about 2.8.

7. The method according to claim 1, wherein said film has a dielectric constant of not more than
about 2.3.

8. The method according to claim 1, wherein said film has a dielectric constant in a range from
about 1.5 to about 2.5.
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heat treating said film at a temperature not lower than about 300C for a
second time period, said second time period being longer than said first
time period. 12. The method according to claim 1, wherein said cyclic
siloxane is selected from the group consisting of:
tetramethylcyclotetrasiloxane and octamethylcyclotetrasiloxane. 13. The
method according to claim 1, wherein said cyclic siloxane is

tetramethylcyclotetrasiloxane. 14. The method according to claim 1,
S. Themél?giiaéygfgdé%f?,lF?%nb?e&ﬁgg@&%ﬁbdri%?gscrgg@ggegf fused rings including
betweaingbouwLE Rrd Sithat 49 ptaméigrefisatofiRy strain, wherein said ring

betwedirHctdresthabusupast significartdingratrain include rings of 3, 4, 7 or more
method accordi?%xo claim 1, wherein said organic
d

atoms. 15. Th
betwe‘?‘ﬂ(ﬂ@éﬁl@%"éﬁteggfé%ﬂgr%%rﬁgn(gﬁ : . The method according to claim 1,
betwesohalreih Khihd rpof Heposiimpatiserfila further comprises the steps of:
setting a temperature for said substrate at between about 25C and about

400%;59 d 26 setting a RF Z*qﬁ? densitg.at &etween ]about 0.05 W/cm2
&&ral '

10. Thgﬁ'&e Lﬁcffﬁqy{}%,% ’.air?.1T P ﬁ(j:‘ tteoD claim 1, wherein said
providisep patdpopitiegeaith fivingrar acempiisssbstiaiaghupkeasurefopkeit 300 cm?

and aRECAP fRRCtRka EIWREI-BRAHE 208BTAL Anf-ARAWISEAMET&@&WeckBabout 1 cm

g The1 ethod according to claim 1, wherein said step of depositing said film
and alott & “omprises: setting a flow rate ratio of organic molecules of
cyclopentene oxide to cyclic siloxane of tetramethylcyclotetrasiloxane to

11, ThQ%\éﬁ%B M@gﬁ@%iﬁfbﬂ%ﬁh& %Smﬁh%ﬁ@@% agcording to claim 1,

said method further comprising: providing a parallel plat Plas a, . .
neat UEANAEhER ORBACLIVER PSP BOk B8 WAL 38, Toie BB S UBRPRod 2nd
heat tieatiairsald ivesein elapmatinesatst Pwe\ibBareattat 00N ifoaacs@ntinddise period,

: 27. ' [ erein plasma in said
said S‘%@%@@% }ﬂgﬁ%ﬁ%ﬂ&ﬁ%ﬁ%&%gﬁ&%&; \%Qrﬁgegfhod for fabricating a
thermally stable ultralow-k film comprising the steps of:

12. The method according to claim 1, wherein said cyclic siloxane is selected from the group

consisting of: tetramethylcyclotetrasiloxane and octamethylcyclotetrasiloxane.

13. The method according to claim 1, wherein said cyclic siloxane s
teframethylcyclotetrasiloxane.

14. The method according to claim 1, wherein said organic molecules comprise species of fused
rings including ring structures that impart significant ring strain, wherein said ring structures that

impart significant ring strain include rings of 3, 4, 7 or more atoms.
15. The method according to claim 1, wherein said organic molecules are cyclopentene oxide.
16. The method according to claim 1, wherein said step of depositing the film further comprises

the steps of:
sefting a temperature for said substrate at between about 25°C and about 400°C; and
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providing parallel plate type plasma enhanced chemical vapor deposition
(PECVD) reactor; positioning a pre-processed wafer on a substrate chuck
having an area between about 300 cm2 and about 700 cm2 and
maintaining a gap between said wafer and a top electrode between about
1 cm and about 10 cm; flowing a first precursor gas comprising cyclic
siloxane molecules into said PECVD reactor; flowing at least a second
precursor gas comprising organic molecules with ring structures having
setting £RH Gk @A aabetbepoaiitng anilvaloivakdibaan saidweafer in
presence of CO2 or CO2 and 02. 23. The method according to claim 22,
further comprising a step of mixing said first precursor gas with CO2. 27
17. ThogmehedatsetrBecérdriyto ElalhereinusaierE8m SfisiRgositigp it mgurther
comprisgid first precursor gas and at least said second precursor gas with CO2
setting g ! gerglﬁ(rt “?%%E%‘B%@'QS pezﬁgtgs‘ 'a°i g&\%}@%q fz%of&bﬁ: ﬁH’%gr %AH%’IS‘BB!%%H#%W.
Gralow-k fin comprising the steps of. providing a parallel plate type
plasma enhanced chemical vapor deposition (PECVD) reactor;
18. ThPOSIEPRINGEacv@IaL OB acsithstatgreheiek Sinyingean drerfsideerabolin further
300 cm2 and about 700 cm2, and maintaining a gap between the wafer

comPISid a top electrode between about 1 cm and about 10 cm; flowing into

setting gnifioMsaictsr Bier Shiergriver Ke[RCaltes temPEIaRAE e FEKSS dBotitDgSlioxane of

tetrameBifgpliotetr40kara: issiqareeurabo gas 0fadeymlie sitbxane, and a second
precursor gas of organic molecules, while keeping a pressure in said
reactor between about 50 mTorr and about 5000 mTorr; depositing an

19. Themeihar-Reariibe Karpiihie SEAdRtAaR FUBHRTWRRTE)Sbetween about
providiry Gop¥AIE 2iA8diabausAHbWenaRdmipse sepeedeb@idroc@adeand O2;
and annealing said ultralow-k film at a temperature not less than about
300C for at least about 0.25 hour. 26. The method according to claim 25,
20. Theyreehsb #RsEHitE s EFIBF g eHi PRSI B (iailr Ffsavitrretss o 7un in a
continudfaermeihod according to claim 25, further comprising a step of mixing
' said first precursor
21. The method according to claim 1, wherein plasma in said PECVD reactor is run in a pulsed

mode.

22. A method for fabricating a thermally stable uitralow-k film comprising the steps of:

providing parallel plate type plasma enhanced chemical vapor deposition (PECVD) reactor;
positioning a pre-processed wafer on a substrate chuck having an area between about 300 cm?
and about 700 cm® and maintaining a gap between said wafer and a top electrode between
about 1 cm and about 16 cm;

flowing a first precursor gas comprising cyclic siloxane molecules into said PECVD reactor;
flowing at least a second precursor gas comprising organic molecules with ring structures
having C, H and O atoms; and

depositing an uitraiow-k film on said wafer in presence of CO, or CO; and O,

23. The method according to claim 22, further comprising a step of mixing said first precursor
gas with CO..
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gas and at least said second precursor gas with CO2 or a mixture of C02
and O2. 28. A method for fabricating a thermally stable ultralow-k film
comprising the steps of: providing a parallel plate type plasma enhanced
chemical vapor deposition (PECVD) reactor; positioning a wafer on a
substrate chuck having an area between about 500 cm2 and about 600
cm2, and maintaining a gap between the wafer and a top electrode
between about 1 cm and about 7 cm; flowing a first precursor gas of a
cyclic siloxane into said reactor over said wafer kept at a temperature
24. Thparpiber apitibodoarlaimfolRs SRBRIEREGhaRIURLEPG £aIG At Precursor
gas anB@leeidesawiie dae piagues preaswighic Saic reatiarbeftmabayt 100
mTorr and about 3000 mTorr; 28 depositing an ultralow-k film on said
wafer under a RF power density between about 0.25 W/cm2 and about

25. A raethed/tanta g A deegnaloskioteodtaieyos filanaeaiisiIim e sigrs of:
prowdihﬂ;t%'ibéﬂé*@lm@tt@ﬁ@ Mparatdre Nalle shdhnplkpick 38pOLRitor (REICEEY reactor;

pos:tlonangna wa e5r cpno ? su?b traﬂe cﬂ‘u%ﬁ‘g%@%cgﬁ%%%%@h %%OEH%BS m and about 700

rising a step of mixing sai recursor gas with 002. 3
cm?, andemmateamcﬁr@@obe%ﬂﬁw@mﬁef éB%Bngﬁ]&‘ﬁCgf&%?q’?ﬂ?ﬁib%ﬁmf firgm and
about fegyrsor gas and at least sald second precursor gas with 002 or a
flowing ‘PFéBreC? t OO ?%98925 3d1 ?datf%rt]e gi%t(m% B ‘IFJ&HQA Bﬁaﬂ?c and about
&R ondtant filn c mprising t e ‘steps of: provi ng a _
400°C phadinsé erﬁwmdgatienﬁ|@alcvel[§oﬁﬁe@®§bt|@ﬂC(PE€R¢D)¢éﬂéW50r gas of organic
molec RS THAROA A sHEST pledBusaif BRE Madisrelalinine a H6skaearPBbout 5000
gas comprising Cyclic siloxane molecules using C02 as a carrier gas into
'said PECVD reactor; flowing at least a second precursor gas comprising
depositngamiciimaieeyl Gvithsrgisfirictores atRivipYre! ¢Eeasity Dedsers Ahrisaip Wiem?
and abbfQ Y RNRAFIH AL ARPOSHiNGR dit) samplisihg Si. C, 0 and H and a

multiplicity of nanometer -sized pores on said substrate |ncpr sence
annea@g&@gyl ralow-k film at a temperature not less than about 300°C for at Eeast about 0.25

mTorr

hour.

26. The method according to claim 25, further comprising a step of mixing said first precursor
gas with CO..

27. The method according to claim 25, further comprising a step of mixing said first precursor

gas and at least said second precursor gas with CO, or a mixture of CO, and O,.

28. A method for fabricating a thermally stable ultralow-k film comprising the steps of.

providing a parallel plate type plasma enhanced chemical vapor deposition (PECVD) reactor;
positioning a wafer on a substrate chuck having an area between about 500 cm? and about 600
“cm?, and maintaining a gap between the wafer and a top electrode between about 1-cm and
about 7 cm;

flowing a first precursor gas of a cyclic siloxane into said reactor over said wafer kept at a
temperature between about 60°C and about 200°C and a second precursor of organic
molecules while keeping a pressure in said reactor between about 100 mTorr and about 3000

mTorr;
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32. The method according to claim 31, wherein a flow rate of said first

precursor is from about 5 sccm and about 1000 sccm and a flow rate of

said 002 is from about 25 sccm and about 1000 sccm. 33. A method for

fabricating a thermally stable ultralow dielectric constant film comprising

the steps of: providing a plasma enhanced chemical vapor deposition

(PECVD) reactor; positioning a substrate in said PECVD reactor; flowing

a first precursor gas comprising cyclic siloxane molecules into said
depositﬁ&é‘«vw@al@mrff|rﬂ<aﬁiﬁwoa&é¢asmfad§egwﬁwguﬁaamgawd BRPIiiogt 0.25 Wicm®

organic molecules_with ri tructures aving C, H and 0 atoms into
and ab%%?@% %Epe%rgﬁ%?cﬁgvﬁl%%%%ﬁoa %%%ZP@QVD reactor; depositing a
annealifinsagraitaing<SinGatG deranaraiviea piigsplibay ebednBiPidicns¢eppioreaut 0.25
hour. ON said substrate in presence of said 002. 34. The method according to

claim 33, wherein a flow rate of said CO2 is from about 25 sccm and

about 1000 sccm. 35. A method for fabricating a thermally stable ultralow
29. Thalieksbtdcaconstiagt filislaionaBrisiry eheosjsinef aprevwidihgraiplasaiehfirst precursor
gas witalgnced chemical vapor deposition (PECVD) reactor; positioning a

substrate in said PECVD reactor; flowing a first precursor gas comprising

cyclic siloxane molecules into said PECVD reactor; flowing at least a
30. Thesewshedprecendiog dasisomystisitergamerisiotesustep oitiking ek fip Hrecursor
gas and'@ViBgsCodi 8BELAPHPERS RO B8 IREECY Brrieasieidlevang anaisture of

002 and 02 into the PECVD reactor; and depositing a film comprising Si,

C, 0 and H and a multiplicity of nanometer-sized pores on said substrate
31. A metpresémdetvicsting Gothernk D2 sB6IETHE st egtdo riingiaot dianedBprising the
steps owherein the 002 is flown at a flow rate from about 25 sccm to about 1000

m an id 02 i :
providhﬁ%rﬁlgan;géﬂa%cé% gge\évn[?ic%ﬁ 35;5%‘5"0@58&(%@(3’%%%8 ?eggt%rg;] to about 50

positioning a substrate in said PECVD reactor;

flowing a first precursor gas comprising cyclic siloxane molecules using CC, as a carrier gas
into said PECVD reactor;

fiowing at ieast a second precursor gas comprising organic molecules with ring structures
having C, H and O atoms into said PECVD reactor; and

depositing a film comprising Si, C, O and H and a multiplicity of nanometer-sized pores on said

substrate in presence of said CO,.

32. The method according to claim 31, wherein a flow rate of said first precursor is from about &
scem and about 1000 scom and a flow rate of said CO; is from about 25 scem and about 1000

SCCim.

33. A method for fabricating a thermally stable ultralow dielectric constant film comprising the
steps of.

providing a plasma enhanced chemical vapor deposition (PECVD) reactor;

positioning a substrate in said PECVD reactor;

flowing a first precursor gas comprising cyclic siloxane molecules into said PECVD reactor;

flowing at least a second precursor gas comprising organic molecules with ring structures
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having C, H and O atoms into said PECVD reacior;

flowing CO, into said PECVD reactor;

depositing a film comprising Si, C, O and H and a multiplicity of nanometer-sized pores on said
substrate in presence of said CO,.

34. The method according to claim 33, wherein a flow rate of said CO; is from about 25 scem
and about 1000 scom.

35. A method for fabricating a thermally stable ultralow dielectric constant fitm comprising the
steps of:

providing a plasma enhanced chemical vapor deposition (PECVD) reactor;

positioning a substrate in said PECVD reactor;

flowing a first precursor gas comprising cyclic siloxane moiecules into said PECVD reactor;
flowing at least a second precursor gas comprising organic moiecules with ring structures
having C, H and O atoms into said PECVD reactor;

fiowing a mixture of CO, and O, into the PECVD reactor; and

depositing a film comprising Si, C, O and H and a multiplicity of nanometer-sized pores on said
substrate in presence of said CO; and O..

38. The method according to claim 35, wherein the CO, is flown at a flow rate from about 25

scem to about 1000 scem and said O, is flown at a flow rate from about 0.5 scem to about 50

scom.
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