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and implemented to make devices with even smaller geometries. The decreasing feature

15  sizes result in structural features on the device having decreased spatial dimensions. The
widths of gaps and trenches on the device narrow to a point where the aspect ratio of gap
depth to its width becomes high enough to make it challenging to fill the gap with dielectric
material. The depositing dielectric material is prone to clog at the top before the gap

completely fills, producing a void or seam in the middle of the gap.

20 Over the years, many techniques have been developed to avoid having dielectric material
clog the top of a gap, or to “heal” the void or seam that has been formed. One approach has
been to start with highly flowable precursor materials that may be applied in a liquid phase to
a spinning substrate surface (¢.g., SOG deposition techniques). These flowable precursors
can flow into and fill very small substrate gaps without forming voids or weak seams.

25  However, once these highly flowable materials are deposited, they have to be hardened into a

solid dielectric material.

In many instances, the hardening process includes a heat treatment to remove carbon and
hydroxyl groups from the deposited material to leave behind a solid dielectric such as silicon

oxide. Unfortunately, the departing carbon and hydroxyl species often leave behind pores in
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(i.e. not directly ex01ted by application of plasma power). The liner layer has more oxygen
content than the gapfill layer and deposits more conformally. The deposition rate of the
gapfill layer may be increased by the presence of the liner layer. The gapfill layer may

20  contain silicon, oxygen and nitrogen and be converted at elevated temperature to contain
more oxygen and less nitrogen. The presence of the gapfill liner provides a source of oxygen
underneath the gapfill layer to augment the gas phase oxygen introduced during the

conversion.

Embodiments of the invention include methods of forming a silicon oxide layer on a

25  patterned substrate containing a trench. The methods include transferring the substrate into a
substrate processing chamber and then forming an oxygen-rich liner layer on the substrate
including in the trench. The methods further include forming a gapfill dielectric layer on the
substrate and in the trench. The gapfill dielectric layer has a lower oxygen content than the
oxygen-rich liner layer and the gapfill dielectric layer is flowable during formation. The

30  methods further include curing the gapfill dielectric layer at an elevated temperature to

transfer some of the oxygen from the oxygen-rich liner layer into the gapfill dielectric layer.

Additional embodiments and features are set forth in part in the description that follows, and

in part will become apparent to those skilled in the art upon examination of the specification
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FIG. 1 is a flowchart illustrating selected steps for making reduced-void silicon oxide gapfill

dielectric layers according to disclosed embodiments.

FIG. 2 is a cross-sectional view of a multi-layer dielectric film according to disclosed

20  embodiments.

FIG. 3A is a cross-sectional view of silicon-oxide gapfill without an oxide-rich liner layer

according to disclosed embodiments.

FIG. 3B is a cross-sectional view of silicon-oxide gapfill with an oxide-rich liner layer

according to disclosed embodiments.
25  FIG. 4 shows a substrate processing system according to disclosed embodiments.
Fig. 5A shows a substrate processing chamber according to disclosed embodiments.

Fig. 5B shows a showerhead of a substrate processing chamber according to disclosed

embodiments.
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uring stibsequent p ocessmg uring may be accomplished in an oxygen-containing
environment from which oxygen migrates into the gapfill layer and displaces components
which were necessary to enable the gapfill layer to flow into trenches on a patterned
20  substrate. Those components may be removed once the gapfill layer has filled the trench.
Curing displaces these components with oxygen, some of which now diffuses from the oxide-

rich liner layer into the gapfill layer.

In order to better understand and appreciate the invention, reference is now made to FIGS. 1-
3 which are a flowchart showing selected steps for using oxide-rich liner layers and cross-

25  sectional views of structures which incorporate oxide-rich liner layers according to
embodiments of the invention. The method 100 includes transferring a patterned substrate
having a trench into a substrate processing region 102. In the example, a silicon oxide liner
layer is deposited on the patterned substrate 104. FIG. 2 shows an oxide-rich liner grown out
to dotted line 202 from substrate 200. FIG. 3B shows an oxide-rich liner grown to dotted line

30 302 on a trench in a patterned substrate 300. After the liner layer is deposited, a gapfill
dielectric layer is grown by CVD in steps 106-110. The gapfill dielectric layer is flowable
during formation in order to facilitate filling the trench more fully. The gapfill dielectric

layer 204, 304-2 is depicted in each of FIGS. 2 and 3B. The oxide-rich liner layer is more
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The elevated temperature induces the oxide to diffuse from the liner layer into the gapfill

layer which provides an additional source of oxygen from underneath the gapfill dielectric

layer.

20  Radical-component CVD is used to form the oxide-rich liner and the gapfill layer, in
disclosed embodiments. The two operations are performed in the same substrate processing
region to reduce cost-of-ownership, increase throughput and maintain the integrity of the
interface. The silicon-containing precursor may contain carbon or nitrogen in order to ensure
flowability during gapfill dielectric layer formation. In disclosed embodiments, the silicon-

25  containing precursor is a carbon-free silicon-containing precursor which enables the gapfill
layer to undergo less shrinkage during the curing process. The carbon-free silicon precursor
may be, for example, a silicon-and-nitrogen precursor, a silicon-and-hydrogen precursor, or a
silicon-nitrogen-and-hydrogen containing precursor, among other classes of silicon
precursors. Specific examples of these precursors may include silyl-amines such as

30  H,N(SiHs), HN(SiHs),, and N(SiH3);, among other silyl-amines. These silyl-amines may be
mixed with additional gases that may act as carrier gases, reactive gases, or both. Examples
of the these additional gases may include H,, N, NH3, He, and Ar, among other gases.
Examples of carbon-free silicon precursors may also include silane (SiHy) either alone or

mixed with other silicon (e.g., N(SiH3)3), hydrogen (e.g., H;), and/or nitrogen (e.g., N,, NH3)
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containing layer into the lined trench 110. The flowability of the film
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The radical-nitrogen precursor may also be accompanied by a carrier gas such as argon,

25  helium, etc. Oxygen may be simultaneously delivered into the remote plasma region (in the
form of O and/or O3) to adjust the amount of oxygen content in the radical-nitrogen

precursor and liner or gapfill layer deposited with this technique.

Trenches may be difficult to fill without forming voids or seams using less flowable films
produced with prior art gapfilling techniques such as HDP-CVD. The trenches may have a
30 height and width that define an aspect ratio (AR) of the height to the width (i.e., H/W) that is
significantly greater than 1:1 (e.g., 5:1 or more, 6:1 or more, 7:1 or more, 8:1 or more, 9:1 or
more, 10:1 or more, 11:1 or more, 12:1 or more, etc.). In many instances the high AR is due
to small gap widths that range from about 90 nm to about 22 nm or less (e.g., about 90 nm, 65

nm, 45 nm, 32 nm, 22 nm, 16 nm, etc.). These restrictive geometries are not completely
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deposi t aghygibi £ Hﬁf&ﬁ 148 HaA961 & Bé‘hﬁfnﬁ'n’i‘g sflicbiMpR@8rsbt PWARY SchDR AGlef 1 Sti cs

allowing it to flowinto narrow gaps trenches and ot her structures ‘on the
deposi t i(eg.. SWAKIMBBOL be.)subst rat e. Because the layer is flowable, it can
fill gaps with high aspect ratios w thout creating voids or weak seans

arouppd Fdlloe/ st @EpaitidnT the dilibdi0at®hi@obé cont@hin XB ¥R tRe dépodieiBA Siibstrag:
flowable material is less likely to prematurely clog the top of the gap

bef ore imay ke @m@qdetp@nwxvgem eqtaimine straesphers| 10 2t dhe depastiosrsubstiats Way e voi ds
whi ch | h | t
heh red afﬁ ﬁlnh {Qndc% %ﬁ&f wﬁ&ethggg ch¢ nfan?}ﬂ‘g?@osé%ergghylpggd&%ﬁ,rﬁrq eas

in part, fiCant drogen coO onen

ex arrpl e shhﬁrarﬂemaﬁ lbé edndfedred mydlffal\eﬁt ¢hapibepzBBR- the/@g;geﬁrcohﬂaimﬁrg éltﬁlobﬂ&kfbone
(i.e., aSi-NHfilm. Flowabiljty may also result from short chained
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l'acks evgRetd APEhAIBYALS(CH), ‘é’%’f,@ﬁ’eﬂ ‘may be generated remotely and transported into the

substrate chamber. lons of oxygen-containing species may also be present.

30  The oxygen-containing atmosphere provides oxygen to convert the silicon-and-nitrogen
containing film into the silicon oxide (Si0;) film 112. As noted previously, the lack of
carbon in the silicon-and-nitrogen containing film results in significantly fewer pores formed
in the final silicon oxide film. The net shrinkage from deposition to anneal is reduced by

depositing a flowable silicon-and-nitrogen-containing film and converting to silicon oxide as

7



Carbon contam nants nmay be present in the precursor materials that find
their way into the deposited silicon-and-nitrogen-containing film The
anount ofwohepais@obon i nmpurities however are much | esspchars2eolaibe found
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30 The oxygen-contal ni ng at nosphere provi des oxygen to convert the

si | i con-thadxidationofgdnwedhy aihrghrigmpedamre areat ineingixlygosrondainog chBir@@perfti | m
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depositin £ l e silicon-and-agxygen-.containing filminitially. During
t he conveégeélﬁglrluy gg\%gceogls%ndt%ggesnu%é&rsgf) %e%teglrpﬁg}né lﬁ"e may range from about 25C
to about 1100C (e.]%.éb, about 200C, about. 300C, about 400C, about 500C,

about 600, Pragsne! F6Hd, deawsihes aguorress wheein sdooe oxidsgeformsd b firgdepgsiting, nany

casqg, the;vol e 001 i . " 0h Qr
Taad) o SR BB LHERh AR LR 3%} Lo BRAHANNE B i PR gD
addr ess csemdimarts,sipadepesitduafiinf Brematad yheradapl-asygan pesutsbr edmbihmgshitt aki ng

silicon oxide. .In_an enbodi ment, the conversion occur jnt arts. The
two par tSEORASFABIR QY AHRS DEFEVAOY Whick _2%%9%1@6@ Aoty ¢ éﬁ.ﬁgﬁet ween
200C andf&%ﬁ&sié@% Wl 'Eﬁeh'b%taesiﬁé&‘ﬁ-&’%gﬁﬁﬁ@&rﬁ@ﬁ-k&%@iﬁir%ﬁlﬁl whigh may

tenperature anneal in an oxygen-contai Ning environment. During these
oper at i angsriaxy gene shrokaghdurogmybsequiatipro¢assng bayparcd ivithirgeecdssinyotvines

gapfi,l | sLLicon-anE-nitro en-cant aini ng, |l ayer in order to nore.f I%y
Conlr t AP ReR T RnE e X IaEY Pt ot o e SO Y TP eyapt i 1
layer, hRepy¥Sthrotfiea @RBIE MayTBEIedd BMONFINOS, EBEOSNOMETY, FNIDS), IVAOTR and
oxygen, in disclosed enbodi nents. ' '
TMCTS, OMTS, TMS, HMDSO and/or TMDSO. The radical-oxygen precursor comprises
plasma effluents created by exciting an oxygen-containing precursor in a plasma and
exemplary oxygen-containing precursors may include O,, Oz, N,O, NO, NO,, H,0,, H,0 and
25  NH4OH. Depositing an oxide-rich liner before depositing a gapfill silicon-oxygen-and-
carbon-containing layer allows the subsurface oxygen to augment oxygen from an oxygen

atmosphere provided during curation.

Embodiments may include multiple annealing stages after curation with different
temperatures and atmospheres, in disclosed embodiments. For example, a first heating stage
30  may be performed at a lower first temperature in an atmosphere that includes steam (H,0),
while a second heating stage may be performed at a higher second temperature in a dry
oxygen-containing atmosphere which substantially lacks water vapor. The second heating
stage may also be conducted in a non-oxygen containing atmosphere (e.g., dry N, He, Ar,

etc.).



The process of FIG 1 describes a process wherein silicon oxide is forned
by first depositing 15a silicon-nitrogen-containing | ayer and then

converti nyotzhe/diasier into silicon oxide. In other enbodiPoEntsg)iiome19o
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|
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liner layer and the gapfill layer is shown as a dotted

gapfill layer by adjusting the flow rates of precursors into the remote plasma region. An
exemplary flow rate ratio of oxygen (O;) to ammonia (NH3) into the remote plasma region
may be about 2:1 (equivalent to an atomic-oxygen-to-nitrogen ratio of about 4:1) during
formation of the oxide-rich liner layer. The flow rate ratio of O,:NH; may be about 1:5

25  (equivalent to an atomic-oxygen-to-nitrogen ratio of about 2:5) during the deposition of the
gapfill layer. These ratios are indicative of the stoichiometry which would be found in the
liner and gapfill layers. In disclosed embodiments, the liner atomic-oxygen-to-nitrogen flow
rate ratio exceeds the gapfill atomic-oxygen-to-nitrogen flow rate ratio such that the oxygen
content of the oxide-rich liner exceeds that of the gapfill dielectric layer. In another

30  embodiment, the liner atomic-oxygen-to-nitrogen flow rate ratio exceeds the gapfill atomic-

oxygen-to-nitrogen flow rate ratio by a multiplicative factor greater than 5.

During growth of flowable films, the pressure in either the chamber plasma region or the
substrate processing region may be below or about 100 Torr, below or about 50 Torr, below

or about 20 Torr, below or about 10 Torr or below or about 5 Torr. The pressures in either or
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line in FIGS. 2 (202) and 3B (302). The interface may be essentially
elimnated after curing and annealing since the oxygen concentration
becomes mwoeotrsgeneous upon redistribution. Applicant #Ciaseoifiowzds t he

interface to be undetectable, in enbodi nents, using a cross-sectional SEM
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t te t of
at omi c- df%“ Cﬁ ﬁtﬁlé §ub(§tg§t acte fo O%enfp‘glira?ur% CIP?I} Q%}Ral tar eg)ﬁﬁgﬁ&ngrotﬂgen 0

t he oxi ner excee e gap

anot her sabempodirirgnthe démltiolnn arhe pddvtat ney e tdd leafihg aﬁxgemcd‘olhagvcb@dlﬂts ratio
exceeds the gapfill atom c- gen-to-nitrogen flow rate ratio by a

nul ti pl ilBgds 815 pedestad shaft dat rser tlxeﬁampgawm?f g Pt Hn%ffubﬂf@iﬁ/é%‘l"\éeeﬂ 2boH - t he
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regi on may be be 3 el ow or out om1or
about 2GhﬁoﬂxmbdWﬁWnahﬁameﬂm&mnﬁansor bel ow or about 5 Torr. The pressures
in either or WO 2012/ 015610PCT/ US2011/ 044219 both regi ons nay be above or
about 0.25 Torr, above or about 0.5 Torr, above or about 1 Ton, above or

about 2 ﬁ@ﬁ,@gqa@_%@rﬂé P@Mﬁnésgﬁﬁmi n different enbodi nents. Each of the
| ower bounds may Dbe conbl ned W any of the upper bounds on the pressures
to form es_.of su | e pressure c ng.t.0 dISC ased
entodi mint o dRC s ETaBEdin SplebRdn S, BLERR b AN AR R Bt PR o

during tfbema@m@mégratb@mmlech‘lpd EG( m@h@rzodme:@chaykrt@ralmowg@bsaMZ or
radi cal - nrtrogen precursors) i nclude an RF power between about 3000 W
and 28boeking wdeupe panissn mﬁqg t@obsowsarhlmh%men‘@o Tote guee. apsiigen about

5000 W %ﬁ?&i’&lt §8&9né"émh9d 86(?59 L§s glﬂap%ﬁ)gﬁﬂ@ UfiSktrates (e.g., 300 mm diameter

wafers) that are received by robotic arms 404 and placed into a low pressure holding area 406
before being placed into one of the wafer processing chambers 408a-f. A second robotic arm
410 may be used to transport the substrate wafers from the holding area 406 to the processing

25  chambers 408a-f and back.

The processing chambers 408a-f may include one or more system components for depositing,
annealing, curing and/or etching a flowable dielectric film on the substrate wafer. In one
configuration, two pairs of the processing chamber (e.g., 408c-d and 408e-f) may be used to
deposit the flowable dielectric material on the substrate, and the third pair of processing

30  chambers (e.g., 408a-b) may be used to anneal the deposited dielectic. In another
configuration, the same two pairs of processing chambers (e.g., 408c-d and 408e-f) may be
configured to both deposit and anneal a flowable dielectric film on the substrate, while the

third pair of chambers (e.g., 408a-b) may be used for UV or E-beam curing of the deposited
10



Flowabl e filmgrowh may proceed while the substrate tenperature is

mai ntai ned at a 10rel atively | ow tenperature during deposition of the
si | i con- cwotaimitegofi |l ms (whi ch include nitrogen and/ or pcariseontiom2tihe
exanpl es given above. The flowabl e oxide fil mmy be deposited on the
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100C and about 160C, |ess than about 100C or |ess than about 40C in
di f f er erhotledensgition snd UNerichbrean uyb et thaflovwpblsdielsstrig vayikr athiEmb@®f nent s of

t he depqsjti 3 t i r j.cat.i yst ens
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deposi t iapprecfedydiat adfivmd] configugativhaobdspsition e althgtanddusag osaabers for

enbodi nents. In the ffi gure, a pair FOUPs (front opening unified pods)
402 supplQrablpdieiestis Q%éfer%?el&ml@?@ysm@n di aneter wafers) that are
received by robotic arnms 404 and placed into a | ow pressure hol ding area
406 bef dnedtigiongongl e csue bfithe posressofhantberswiierf nprydeemsiipgedhanatvet s 408a-f. A

second r.oboti rm 41Q,.may be used to transport the.substrate wafers from
She hor aRabher sBidb doe Rt ot e tut iy s B RS E ABRAD: G SR ot
Pr oqessiAdtebHHeRY thatdR@add mERYurk NThitd 8mBp&nRh s §stSi SO MAABIRASRLS for
depositing, annealing, curing and/or etching a flowable diélectric filmon

t he subdteatmentwhinabers fd8aohenconichguroegssion chamberpaPFosd bf parfeemprogie wekindg
chanber ({ng.agn als4oql8tﬁég%pao[@ﬁ%cf1818e e‘c{r?cﬂ%‘%’ be used to deposit the flowable

di el ect ri% “HRE SupsStrate. and the third pair of processing
30chanber s %eag., 408a-b) may be used to anneal the deposited dielectic. In

anot her [donpider sehsyate nrpeessipgahamler 989 pecosding fodisdesadgrendimans 4e. g.
0. 3o ) A0S ST BV AL BRI OGS R ey 10
408d5b) asmymtide Sub.elwdalistiovt gas shppie ahamalsiangvieibld Wahidepogistieldt assembly
511. A first channel 512 carries a gas that passes through the remote plasma system RPS 510
, while a second channel 513 bypasses the RPS 500. The first channel 502 may be used for
the process gas and the second channel 513 may be used for a treatment gas in disclosed
embodiments. The lid (or conductive top portion) 521 and a perforated partition 553 are
20  shown with an insulating ring 524 in between, which allows an AC potential to be applied to
the lid 521 relative to perforated partition 553. The process gas travels through first channel
512 into chamber plasma region 520 and may be excited by a plasma in chamber plasma
region 520 alone or in combination with RPS 510. The combination of chamber plasma
region 520 and/or RPS 510 may be referred to as a remote plasma system herein. The
25  perforated partition (also referred to as a showerhead) 553 separates chamber plasma region
520 from a substrate processing region 570 beneath showerhead 553. Showerhead 553
allows a plasma present in chamber plasma region 520 to avoid directly exciting gases in
substrate processing region 570, while still allowing excited species to travel from chamber

plasma region 520 into substrate processing region 570.

30  Showerhead 553 is positioned between chamber plasma region 520 and substrate processing
region 570 and allows plasma effluents (excited derivatives of precursors or other gases)
created within chamber plasma region 520 to pass through a plurality of through holes 556
that traverse the thickness of the plate. The showerhead 553 also has one or more hollow

volumes 551 which can be filled with a precursor in the form of a vapor or gas (such as a
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that traverse the thickness of the plate. The showerhead 553 al so has one
or nor e rAdicdlepygen precursor and/or a radical-nitrogen precursor referring to the atomic

constituents of the process gas introduced.

In embodiments, the number of through-holes 556 may be between about 60 and about 2000.
25  Through-holes 556 may have a variety of shapes but are most easily made round. The
smallest diameter 550 of through holes 556 may be between about 0.5mm and about 20mm
or between about Imm and about 6mm in disclosed embodiments. There is also latitude in
choosing the cross-sectional shape of through-holes, which may be made conical, cylindrical
or a combination of the two shapes. The number of small holes 555 used to introduce a gas
30  into substrate processing region 570 may be between about 100 and about 5000 or between
about 500 and about 2000 in different embodiments. The diameter of the small holes 555

may be between about 0.1 mm and about 2 mm.

FIG. 5B is a bottom view of a showerhead 553 for use with a processing chamber according

to disclosed embodiments. Showerhead 553 corresponds with the showerhead shown in FIG.
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570 may be bet ween about 100 and about 5000 or between about 500 and about
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enbodi ments. Shower head 553 corresponds with the showerhead shown in FIG
12 processor. The processor contains a single-board computer (SBC), analog and digital
input/output boards, interface boards and stepper motor controller boards. Various parts of
25  CVD system conform to the Versa Modular European (VME) standard which defines board,
card cage, and connector dimensions and types. The VME standard also defines the bus

structure as having a 16-bit data bus and a 24-bit address bus.

The system controller controls all of the activities of the CVD machine. The system
controller executes system control software, which is a computer program stored in a

30  computer-readable medium. Preferably, the medium is a hard disk drive, but the medium
may also be other kinds of memory. The computer program includes sets of instructions that
dictate the timing, mixture of gases, chamber pressure, chamber temperature, RF power

levels, susceptor position, and other parameters of a particular process. Other computer
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ot her pafispstcdr eondrmipgrammeudaionhebress she auarder astpe tasch-sensitive monitor.

Other devices, such as a keyboard, mouse, or other pointing or communication device, may
be used instead of or in addition to the touch-sensitive monitor to allow the user to

communicate with the system controller.

25  In embodiments employing a chamber plasma region, the excited plasma effluents are
generated in a section of the substrate processing region partitioned from a deposition region
where the plasma effluents mix and react with the carbon-free silicon-containing precursor to
deposit the silicon-and-nitrogen layer on a deposition substrate (e.g., a semiconductor wafer).
The excited plasma effluents are also accompanied by an inert gases (in the exemplary case,

30  argon). The carbon-free silicon-containing precursor does not pass through a plasma before
entering the substrate plasma region, in embodiments. The radical nitrogen precursor is
created in the remote plasma region and travels into the substrate processing region where the
silicon-containing precursor is excited by the radical nitrogen precursor. In embodiments, the

silicon-containing precursor is excited only by the radical nitrogen precursor. Plasma power
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WO 2012/
silicon and oxygen. The term “precursor” is used to refer to any process gas which takes part

25  inareaction to either remove material from or deposit material onto a surface. A gas in an
"excited state" describes a gas wherein at least some of the gas molecules are in vibrationally-
excited, dissociated and/or ionized states. A "gas" (or a “precursor’’) may be a combination
of two or more gases (or “precursors”) and may include substances which are normally liquid
or solid but temporarily carried along with other "carrier gases." A “radical precursor” is

30 used to describe plasma effluents (a gas in an excited state which is exiting a plasma) which
participate in a reaction to either remove material from or deposit material on a surface. A
“radical-nitrogen precursor” is a radical precursor which contains nitrogen and a “radical-
hydrogen precursor” is a radical precursor which contains hydrogen. The phrase "inert gas"

refers to any gas which does not form chemical bonds when etching or being incorporated
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As used herein and in the appended claims, the singular forms "a", "an", and "the" include

plural referents unless the context clearly dictates otherwise. Thus, for example, reference to
30 "aprocess" includes a plurality of such processes and reference to "the precursor” includes

reference to one or more precursor and equivalents thereof known to those skilled in the art,

and so forth.
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surface, woencmseinay appear circular, oval, 5pol ygonal pCrast@anguay, or a
variety of other shapes. The term"via" is used to refep to a | ow aspect
rati o tralsethe¢ WQTdﬁl"éQ@Hfl$€r,'b"r¢Dm@@\?@B "Wirctuderaynadedingy a mb"mctiedffS” mhed upgd h

metal t 9 ftﬁ)lg Qf%e%lfv ca{lon an(i Lee ?olfo' %i clﬁ%ﬁ‘sna%(e: Er%tendefi tQ spelcﬁd 1S resenFe & s%a?tn(]i or mal
| ayer refers herar y~uni Ia ace 1n the

same shapguRs, ﬁﬂ@geﬁ %d‘r@foaenﬂs & step'E; heut mHyfd@C@t pfectude theptedenadgr ddaeichl ace
bei ng covered are generally parallel. A person having ordinary skill in 10
the art QNI H}Oé@:%lﬁi featur¢patnteases, E@BB‘&@P@dStﬁm 8¢5 Ul y cannot be 100%
conformal and thus the term"generally" allows for acceptable tol erances.
Havi ng descri bed several enbodinents, it will be recognized by those of
skill in the art that various nodifications, alternative constructions, and
equi val ents may be used wi thout departing fromthe spirit of the invention.
Additional ly, a nunmber of well-known processes 15 and el enments have not
been described in order to avoid unnecessarily obscuring the present

i nvention. Accordingly, the above description should not be taken as
limting the scope of the invention. Were a range of values is provided,
it is understood that each intervening value, to the tenth of the unit of
the lower Iimt unless the context clearly dictates otherw se, between the
upper 20and lower |imts of that range is also specifically disclosed. Each
smal | er range between any stated value or intervening value in a stated
range and any other stated or intervening value in that stated range is
enconpassed. The upper and lower limts of these smaller ranges may

i ndependently be included or excluded in the range, and each range where
either, neither or both limts are included in the snmaller ranges is al so
enconpassed within the invention, 25subject to any specifically excluded
limt in the stated range. Were the stated range includes one or both of
the limts, ranges excluding either or both of those included Iimts are

al so included. As used herein and in the appended clainms, the singular
forms "a", "an", and "the" include plural referents unless the context
clearly dictates otherw se. Thus, for exanple, reference to 30 "a process”
includes a plurality of such processes and reference to "the precursor”

i ncludes reference to one or nore precursor and equival ents thereof known
to those skilled in the art, and so forth.
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WO 2012/ 015610PCT/ US2011/ 044219 Al so, the words "conprise,” "conprising,"”
"include,” "including,"” and "includes" when used in this specification and
in the fovbavizgs@bai ns are i ntended to specify the presemas2afi/ogi2as ed
features, intﬁgers, conponents, or steps, but they do not preclude the

pr esenc WHABHNCEAIMEYN ISasne or nore other features, integers, conponents,
steps, acts, or groups. WD 2012/ 015610PCT/ US2011/ 044219 WHAT IS CLAI MED
IS: 1.A nethod of; form Sidd ' | ayer strate
containing a trené%, tQ%H%Q?ﬁég%%%ﬁ%$?§yﬁ§?Ogﬁgk?%gPﬁﬁﬁgﬁ%ﬁéngﬁg%rate into
a subst reehaifnge asséh) thedhaiibé tompianifig:ng an oxygen-rich liner |ayer on the
substrate including in the trench; 5formng a.gapfill dielectric |ayer on

t he subst rat draaging thegulsiraiedRAto AmapE I PIRESSHRFAMPCYi el ectric | ayer has a

ovier oxygen (ARhERh ok DA AP RXYARRLE HENbIARE ink RURH, 1R fhenoap! 1|

dielectric | ayer ormation; an curing the gapfil
dieléctric Iayenmgm@apﬁbhﬁ%am@dbyenpehaSMMMamcmﬂmmﬁﬁﬁamcmOWBxdhﬂmhgmﬁhygen

fromthe,.aoxygen-rich liner |layer into, th apfill djelectric,|ayer. 102.The
et hod GHORTAE et BB onien Gayarib b SR Pt St THGF it WELGL T e

than t heyi@a@tit ldycHiselRedbld durl@¥8fmation; and ~ 3. The nethod of claim1,
wherein the gapgill dielectric |layer substantially fills the trench.

4. The met hoduohg theagapfill dickpatrie layer Gramichayated éergpgritutd todiasbiet sameof thyer

oxygen from the oxygen-rich liner layer into the gapfill dielectric layer.

10 2. The method of claim 1, wherein the oxygen-rich liner layer is more

conformal than the gapfill dielectric layer.

3. The method of claim 1, wherein the gapfill dielectric layer
substantially fills the trench.

4. The method of claim 1, wherein forming the gapfill dielectric layer
15  comprises:
flowing a gapfill plasma precursor into a remote plasma region to form plasma
effluents; and
combining the plasma effluents with a flow of a silicon-containing precursor in the
substrate processing region to form the gapfill dielectric layer, wherein the silicon-containing
20  precursor is not directly excited by an application of plasma power and the gapfill dielectric

layer is a silicon-and-oxygen-containing layer.

5. The method of claim 4, wherein forming the oxide-rich liner layer
comprises:
flowing a liner plasma precursor into a remote plasma region to form plasma
25  effluents; and
combining the plasma effluents with a flow of a silicon-containing precursor in the
substrate processing region to form the oxygen-rich liner layer, wherein the silicon-
containing precursor is not directly excited by an application of plasma power and the gapfill

dielectric layer is a silicon-and-oxygen-containing layer.
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15conpri ses: flowng a gapfill plasma precursor into a renote plasma

region to formplasma effluents; and conbi ning the plasma effluents
wi th a flwe20f2/as@nl i con-contai ni ng precursor in the sulpstrnst@ipuLeessi ng
region to formthe gapfill dielectric |ayer, wherein the silicon-containing

20precursor is not directly excited by an application of plasma power and
the gapfill diel edtric Theyaethpdokelaim p.ophrereindhoxiegaipncd plosiing g gepildr .

5. The [ 2] i ng - Lde-ri [ I -

corpr s L St o AT Py OTERS I B URER DLORT K
regi on tagdpfitinmtghiesoxgedbaf-hitrogat 8owamdratio.  conbi ning the plasma effluents
with a flow of a silicon-containing precursor in the substrate processing

region to formthe oxygen-rich Iiner layer, wherein th i .i con-cont ai ni ng
precursor is not dﬁ-rec?ﬁ}f’_%%ﬁ?q %ﬁcqﬁ‘?l %nw%ﬁ#@%?ﬁeéﬁl%‘foiﬂ%%%t JiREF and the
J0n2r 01 da) SECTFLLSs T Bl i Rl b AR ARG QAR TRACALR Pl aRlan W i
t he operalincoatonficOkpganrig-rtitiegapapfvw tdte piltiasma' precursor conprises fl owi ng
oxygen and nitrogen into the renote plasma region with a gapfill

at om c-oxygen-to-njtrogegn flow rate ratio. . : . 7. The .met hod of
Slaim6, wherein the opdidfrd §FFnb i HEreinghs fngs momigroxgsse- Srulitedr
conpri sefow tayvafig cR¥3AS theadgfiNiatdnigRybdi-©-1ilegdrefM®Y eatP AR 6@t e Wi th a
| i ner atom c-oxygen-to-nitrogen flowrate ratio. ) ) 8. The net hod
of cl ai Axygerpt Af theoxiderach it srecedxgepl-tho eanfilt dgleptricilaxrr at e rati o
exceeds the gapfill atom c-oxygen-to-nitrogen flow rate ratio such that the

oxyggn content of ¢ 88 _?weqﬁétﬁﬁ& B¢ él%iﬁg?, M%ﬁ%Va]ﬁmpato(ﬂfﬂﬁleogﬁ%&%tﬂi{rbgen

dielectric layer. 1 e nethod o alm ereint ner

at om c- diopgenate tatioreikteodg dre dap bl atcaie-oxaénotoend regatstldvh eatg egpioi Uyl a

at om c-ox%lge{]-t.o- ?itrogen flowrate ratio by a nultiplicative factor

gr eat er PHLRletve factor greater than 5.9 9 The nethod of claim 4, wherein the
silicon-containing precursor conprises a silicon-and-nitrogen-containing

precursor and the [ asnencahéth&€bt QaiePPPVhESEnAhelsili@H-Edltaifink HRA|FPT ECUT SOT .
11. The nmethod of claim 10, wherein the silicon-and-nitrogen-containing

pr ecur s Mg 4 $heomnand-piffogeroeanta pingpricsryas pnd tripdispR)c2tlucattcoigiskiz) 3 and

;23 lﬁlzasra ARG SO GO | Ses at least one of NH3, NHAOH, N20, NO, NO2, N2

11.  The method of claim 10, wherein the silicon-and-nitrogen-containing
precursor comprises at least one of HyN(SiH3), HN(SiH3),, and N(SiHz); and the plasma
precursor comprises at least one of NH3, NH4OH, N,O, NO, NO;, N; and H,.

12.  The method of claim 4, wherein the remote plasma region is within the
20  substrate processing chamber and separated from the substrate processing chamber by a

showerhead.

13.  The method of claim 1, wherein the operation of curing the gapfill
dielectric layer comprises exposing the gapfill dielectric layer to an ozone-containing

atmosphere at the elevated temperature.

25 14.  The method of claim 13, wherein the operation of curing the gapfill
dielectric layer further comprises subsequently exposing the gapfill dielectric layer to an
oxygen-containing atmosphere comprising at least one of O,, O; and H,0, at an annealing

temperature greater than the elevated temperature.
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12. The method of claim4, wherein the renote plasma region is within the
20 substrate processing chanber and separated fromthe substrate processing

chanber byoaostmsanhead. 13. The met hod of pciraisaoil/o44zher ei n
t he operation of curing the gapfill dielectric |layer conprises exposing the
gapfill dielectric |layer to an ozone-contai ni ng atnosphere at the el evated

tenperature. 2514.1Phe” rigicrnethed otelainnd . veherqindheirenchihas apadthof show0amnt i ng
t he gapﬂjh dielectric layer further conprises subsequently exposing the
gapfill dielectric | ayer to an oxygen-contai ni ng at nosphere conpri sing at
| east one of 02, 03 and H20, at an annealing tenperature greater than the
el evated tenperature. WD 2012/ 015610PCT/ US2011/ 044219 15. The net hod of
claim1l, wherein the trench has a width of about 50 nm or |ess.
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