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Over the years, many techniques have been developed to avoid having dielectric material

20  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 (e.g., SOG deposition techniques). These flowable precursors
can flow into and fill very small substrate gaps without forming voids or weak seams.
However, once these highly flowable materials are deposited, they have to be hardened into a

25  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
the hardened dielectic that reduce the quality of the final material. In addition, the hardening

30  dielectric also tends to shrink in volume, which can leave cracks and spaces at the interface of
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15  the ozone-containing atmosphere may be incomplete and augmented by a higher temperature

anneal in an oxygen-containing environment.

Embodiments of the invention include methods of forming a silicon-and-oxygen-containing
layer on a substrate in a plasma-free substrate processing region in a substrate processing
chamber. The methods include depositing a carbon-free silicon-nitrogen-and-hydrogen-

20  containing layer on the substrate. The methods further include curing the silicon-nitrogen-
and-hydrogen-containing layer in an ozone-containing atmosphere to convert the silicon-

nitrogen-and-hydrogen-containing layer into a silicon oxide 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
25  or may be learned by the practice of the invention. The features and advantages of the

invention may be realized and attained by means of the instrumentalities, combinations, and

methods described in the specification.

BRIEF DESCRIPTION OF THE DRAWINGS
A further understanding of the nature and advantages of the present invention may be realized
30 Dby reference to the remaining portions of the specification and the drawings wherein like
reference numerals are used throughout the several drawings to refer to similar components.
In some instances, a sublabel is associated with a reference numeral and follows a hyphen to
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DETAILED DESCRIPTION OF THE INVENTION
A method of forming a silicon oxide layer is described. The method may include the steps of
15  mixing a carbon-free silicon-containing precursor with a radical-nitrogen-and/or-hydrogen
precursor, and depositing a silicon-nitrogen-and-hydrogen-containing layer on a substrate.
The conversion of the silicon-nitrogen-and-hydrogen-containing layer to a silicon-and-
oxygen-containing layer is then initiated by a low temperature anneal (a “cure”) in an ozone-
containing atmosphere. The conversion of the silicon-and-nitrogen film to silicon oxide in
20  the ozone-containing atmosphere may be incomplete and augmented by a higher temperature

anneal in an oxygen-containing environment.

Without binding the coverage of the claims to hypothetical mechanisms which may or may
not be entirely correct, a discussion of some details may prove beneficial. Exposing an as-
deposited silicon-nitrogen-and-hydrogen-containing film to ozone while maintaining a

25  relatively low substrate temperature increases the oxygen content over only annealing the
substrate at a relatively high substrate temperature in an oxygen-containing environment.
This may result from the relatively open network produced by the deposition of the silicon-
and-nitrogen film by mixing a radical-nitrogen precursor with a carbon-free silicon-
containing precursor. The open network may allow the ozone to penetrate more deeply

30 within the film, extending the oxide conversion in the direction of the substrate. Performing
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from the precursors. Excess silanol moieties in the deposited film can cause increased

20  porosity and shrinkage during post deposition steps that remove the hydroxyl (-OH) moieties
from the deposited layer.

Specific examples of carbon-free silicon precursors may include silyl-amines such as
H,N(SiH3), HN(SiH3),, and N(SiH3)s, among other silyl-amines. The flow rates of a silyl-
amine may be greater than or about 200 sccm, greater than or about 300 sccm or greater than

25  or about 500 sccm in different embodiments. All flow rates given herein refer to a dual
chamber substrate processing system. Single wafer systems would require half these flow
rates and other wafer sizes would require flow rates scaled by the processed area. These
silyl-amines may be mixed with additional gases that may act as carrier gases, reactive gases,
or both. Examplary additional gases include H,, N,, NH3, He, and Ar, among other gases.

30  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)

containing gases. Carbon-free silicon precursors may also include disilane, trisilane, even
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Sources of oxygen may include one or more of O,, H,O, O3, H,0,, N,O, NO or NO,.

In embodiments employing a chamber plasma region, the radical-nitrogen precursor is

20  generated in a section of the substrate processing region partitioned from a deposition region
where the precursors mix and react to deposit the silicon-and-nitrogen layer on a deposition
substrate (e.g., a semiconductor wafer). The radical-nitrogen precursor may also be
accompanied by a carrier gas such as hydrogen (H;), nitrogen (N3), helium, etc. The
substrate processing region may be described herein as "plasma-free" during the growth of

25  the silicon-nitrogen-and-hydrogen-containing layer and during the low temperature ozone
cure. "Plasma-free" does not necessarily mean the region is devoid of plasma. The borders
of the plasma in the chamber plasma region are hard to define and may encroach upon the
substrate processing region through the apertures in the showerhead. In the case of an
inductively-coupled plasma, e.g., a small amount of ionization may be initiated within the

30  substrate processing region directly. Furthermore, a low intensity plasma may be created in
the substrate processing region without eliminating the flowable nature of the forming film.
All causes for a plasma having much lower ion density than the chamber plasma region
during the creation of the radical nitrogen precursor do not deviate from the scope of

"plasma-free" as used herein.
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In the substrate processing region, the carbon-tfree silicon precursor and
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deposi t confornally W th sonme recipe conbinations in enbodi nents. In other
enbodi nmdistlewing the deposition of the silicon-nitrogen-and-hydrogen-containing layer, the

deposition substrate may be cured in an ozone-containing atmosphere 108. The curing
operation reduces the concentration of nitrogen while increasing the concentration of oxygen
in the film, including in the trench. The deposition substrate may remain in the substrate

25  processing region for curing, or the substrate may be transferred to a different chamber where
the ozone-containing atmosphere is introduced. The curing temperature of the substrate may
be less than or about 600°C, less than or about 400°C, less than or about 300°C, less than or
about 250°C, less than or about 200°C or less than or about 150°C in different embodiments.
The temperature of the substrate may be greater than or about room temperature (25°C),

30  greater than or about 50°C, greater than or about 100°C, greater than or about 150°C or
greater than or about 200°C in different embodiments. Any of the upper bounds may be
combined with any of the lower bounds to form additional ranges for the substrate
temperature according to additional disclosed embodiments. No plasma is present in the
substrate processing region, in embodiments, to avoid generating atomic oxygen which may

6
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water vapor (H,0), hydrogen peroxide (H,0;) and nitrogen-oxides (NO, NO,, N,O etc.),
among other oxygen-containing gases. The oxygen-containing atmosphere may also include
radical oxygen and hydroxyl species such as atomic oxygen (O), hydroxides (OH), etc., that
may be generated remotely and transported into the substrate chamber. Ions of oxygen-

25  containing species may also be present. The oxygen anneal temperature of the substrate may
be less than or about 1100°C, less than or about 1000°C, less than or about 900°C or less than
or about 800°C in different embodiments. The temperature of the substrate may be greater
than or about 500°C, greater than or about 600°C, greater than or about 700°C or greater than
or about 800°C in different embodiments. When steam is present in the oxygen-containing

30  atmosphere, substrate temperatures greater than or about 100°C, greater than or about 200°C,
greater than or about 300°C or greater than or about 400°C are also effective in disclosed
embodiments. Once again, any of the upper bounds may be combined with any of the lower
bounds to form additional ranges for the substrate temperature according to additional

disclosed embodiments.
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nan o1 40RuLE005, 01EREL § IRGySr. BUSUL OO 0, SRS LIAR. Al 0
OXy @en- gRBdRked b @ombining a radical-nitrogen precursor with a variety of carbon-free silicon-
containing precursors. The carbon-free silicon-containing precursor may be essentially
nitrogen-free, in embodiments. In some embodiments, both the carbon-free silicon-
containing precursor and the radical-nitrogen precursor contain nitrogen. On the other hand,
the radical precursor may be essentially nitrogen-free, in embodiments, and the nitrogen for
25  the silicon-nitrogen-and-hydrogen-containing layer may be supplied by the carbon-free
silicon-containing precursor. So most generally speaking, the radical precursor will be
referred to herein as a “radical-nitrogen-and/or-hydrogen precursor,” which means that the
precursor contains nitrogen and/or hydrogen. Analogously, the precursor flowed into the
plasma region to form the radical-nitrogen-and/or-hydrogen precursor will be referred to as a
30  nitrogen-and/or-hydrogen-containing precursor. These generalizations may be applied to
cach of the embodiments disclosed herein. In embodiments, the nitrogen-and/or-hydrogen-
containing precursor comprises hydrogen (H,) while the radical-nitrogen-and/or-hydrogen

precursor comprises ‘H, etc.
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car lpon- fan@eal (not shown) may be carried out in an inert environment at a higher substrate

temperature in order to densify the silicon oxide layer.

Curing and annealing the as-deposited silicon-nitrogen-and-hydrogen-containing layer in an
oxygen-containing atmosphere forms a silicon oxide layer on the substrate, including the
substrate gap 208. In embodiments, the processing parameters of operations 208 and 210
25  possess the same ranges described with reference to operations 108 and 110 of FIG. 1. As
noted above, the silicon oxide layer has fewer pores and less volume reduction than similar
layers formed with carbon-containing precursors that have significant quantities of carbon
present in the layer before the heat treatment step. In many cases, the volume reduction is
slight enough (e.g., about 15 vol.% or less) to avoid post heat treatment steps to fill, heal, or
30  otherwise eliminate spaces that form in the gap as a result of the shrinking silicon oxide. In

some embodiments, the silicon oxide layer in the trench is substantially void-free.

FIG. 3 is another flowchart illustrating selected steps in an exemplary method of making a

silicon oxide film according to embodiments of the invention. The methods 300 may include
9
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Embodiments of the deposition systems may be incorporated into larger fabrication systems
for producing integrated circuit chips. FIG. 4 shows one such system 400 of deposition,

30  baking and curing chambers according to disclosed embodiments. In the figure, a pair of
FOUPs (front opening unified pods) 402 supply substrate substrates (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
10
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"fabricafion system s ments.

In addition, one or more of the process chambers 408a-f may be configured as a wet

k

Lped in
y et

treatment chamber. These process chambers include heating the flowable dielectric film in

an atmosphere that includes moisture. Thus, embodiments of system 400 may include wet

treatment chambers 408a-b and anneal processing chambers 408c-d to perform both wet and

dry anneals on the deposited dielectric film.

FIG. 5A is a substrate processing chamber 500 according to disclosed embodiments. A

remote plasma system (RPS) 510 may process a gas which then travels through a gas inlet

511. A first channel 512 carries a gas that passes through the remote plasma system RPS

assembly 511. Two distinct gas supply channels are visible within the gas inlet assembly

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

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
11
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he .d
R ooy e I Stat S T e e RE i ANRRE! el SRR ek e
chanber %ﬂic@n@ontam%ep@c@@&) 408pask thriByh HiRalCRIIEd Wlﬁd) JuBsteat Prodepasi t and
e

anneal a fl owabl electric filmon the substrate, while the 10 third pair

of chantiegign p&) hut nosdmectly)inipeshambeiplasms weioms28r SEowerend 573 ighigkertthan
deposi tig%feh%@]ofltﬂ% sgqﬁahfekt NaLes (F&”[gé ﬁl%&{h t?di%F Aol intll§ ﬁfscll%@%({ s of chambers

(e.0., con |gure eposi cure a e dielectric
film on chitedsuhst odder ﬂonnamﬁaim@gﬂnﬁbam@aﬁaeguamn ofiexcitvdspeaics perfrating
proce53|ng chanbers (e.g.,, 408c-d _and 408e-f) may be Uﬁ ng&bSbOth

e

depdsi t ifn shamigy pEste regany 2Q,10 sygstete PW@GS{S}%EP% Sdfd 26fithee a
third pajfaed diaﬁpert&%%wf%tﬁ gﬁq{o%s(rﬁaygoe #0B8eRby TBimiRe 1488 difRte@nneal i ng

the dielectric I'm Any one o
portions of through holes 556 part way through the showerhead 553. The length of the
smallest diameter 550 of the through-holes 556 may be the same order of magnitude as the

smallest diameter of the through-holes 556 or less in disclosed embodiments.

20  In the embodiment shown, showerhead 553 may distribute (via through holes 556) process
gases which contain oxygen, hydrogen and/or nitrogen and/or plasma effluents of such
process gases upon excitation by a plasma in chamber plasma region 520. In embodiments,
the process gas introduced into the RPS 510 and/or chamber plasma region 520 through first
channel 512 may contain one or more of oxygen (O;), ozone (Os), N,O, NO, NO,, NH3, N, H,

25  including N,Hy, silane, disilane, TSA and DSA. The process gas may also include a carrier
gas such as helium, argon, nitrogen (N3), etc. The second channel 513 may also deliver a
process gas and/or a carrier gas, and/or a film-curing gas used to remove an unwanted
component from the growing or as-deposited film. Plasma effluents may include ionized or
neutral derivatives of the process gas and may also be referred to herein as a radical-oxygen

30 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.
Through-holes 556 may have a variety of shapes but are most casily made round. The

smallest diameter 550 of through holes 556 may be between about 0.5mm and about 20mm
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nore of the processes described may be carried out on chanber(s) separated
fromthe fabrication systemshown in different enbodinents. In addition,
one or nowe 20fvash@spr ocess chanbers 408a-f may be confi goTA$2@9/05380&t

treat ment chanber. These process chanbers include heating the f|owable
di el ect rdrdetydemabeutdon ane abms Hhen & dipelescd seibedwacntbilbeigrie alsqinggude in

nbodi - ' d 8a- h. and
annoal | prbeige YRR R ot SRS e WARh PR s aR iR il G,

t he depasiatcdehbitiatibs of theawbishies FITGe nbbérofantllsldsdte udwassddi@e alpagber
500 according to disclosed enmbodi nents. A repote Elasna system (RPS) 510
may pr odBOSUBStERPIRRFEHETREAN pY Gy bebriwagh Rbeutd A8 apd plqut 588 eubiges1 1.

Two di st 5(%%%%3{9&!323{)86 BBkt %%oéﬁh%h%'. @fh\é‘dﬁi?ﬁ&eﬁJ}@h@ﬂﬁ%lLﬂélgé sgssendl y

511. A first cha carries a gas that passes throug e renote
pl asma yst enbdRWSebdidut Miinh@ aad abeardnmhannel 513 bypasses the RPS 500. The
first channel 502 may be used for the process gas and the second channel

513 may 1§ ¥86¢a bottoR VidWESE MBIveaRRd 1553 dhakt R3dh I?rHPé%Qiitlg%Hérﬁber-ﬁbé‘orhfng (or
conductive top portion) 521 and a perforated partition 553 are 30 shown

with an tbdsgloatd ergbedimgnts 2 $hpwerherdisBncorighpanids aithghs shrweAlCagshewn irFIG.o be
applied to the I 2 elative to.perforated partiti 553. The process
o Tt O iaRE Pod freihicha Pub STt iRt Lot ngtaR 250 and
nmay 1pe ex6wt@dadysPard AshBlck TD GhARIRES. Hhals ABlcE S R IR REOADsANtIAIR,
combination with RPS 510. The conbi nati on of chanber glasna rg&ggn 520

and/ or RPSnFDCHEY shidageaf dha hgwedicad, cycn ampngst gledbrengaietes aphameshhelpshe WO

2011/ 05 . 0 e r .parthti Gal referred to as a
shomerhggégﬁggéggéﬁégégggggE%ﬁ%%éaﬁﬁggﬁgﬁggé%%g %ﬁdgfégh1a substrate
processi ng regi on 570 beneath showerhead 553, Shower head 553 all ows a

pl asma_phesemipliny fEpdisericgoasbieyt sppgred bya Redisthl (ot seawn) kP ti ng
gases i ny,gyhs! @@F&F@%ﬁ?@ﬁg EZ%FV% pr&E‘m? Ehuchy a'n‘?vigé lrbugH éhgdé‘ftgﬁglo?é&%% &l

species to tra asma region 5207into su rate processing
regilén 5ShoweBleades hemabibS@ithe sgoentdootagdnpptecomsor ahiampehropglagwesnratdiotass 520

and subsirate.pr.ocessinhg, regi,on 5 d all ows pl asma ef fl uen excited
Gor i var s or R S P IO PO BPees Sy Diwth ST B R TG Fea B 5] B
regi on ; I i f h rse
[hal On; defliha RAappbR S%@aq%ﬁgmglﬁ%%?éﬁ%eﬁﬁ&%gsg&g??b%\g%“g%g’ AroRhe AdAer 58

10 vol urthe g®sth phihetexemplahefifi.l | ed with a precursor in the formof a vapor
or gas (such as a

A plasma may be ignited either in chamber plasma region 520 above showerhead 553 or
20  substrate processing region 570 below showerhead 553. A plasma is present in chamber
plasma region 520 to produce the radical nitrogen precursor from an inflow of a nitrogen-
and-hydrogen-containing gas. An AC voltage typically in the radio frequency (RF) range is
applied between the conductive top portion 521 of the processing chamber and showerhead
553 to ignite a plasma in chamber plasma region 520 during deposition. An RF power supply
25  generates a high RF frequency of 13.56 MHz but may also generate other frequencies alone

or in combination with the 13.56 MHz frequency.

The top plasma may be left at low or no power when the bottom plasma in the substrate
processing region 570 is turned on to either cure a film or clean the interior surfaces
bordering substrate processing region 570. A plasma in substrate processing region 570 is

30  ignited by applying an AC voltage between showerhead 553 and the pedestal or bottom of the
chamber. A cleaning gas may be introduced into substrate processing region 570 while the

plasma is present.
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silicon-containing precursor) and pass through small holes 555 into
substrate processing region 570 but not directly into chanber plasma region
520. Showeoheads3®3 is thicker than the I ength of the smariussalonsmaet er 550

of the through-holes 556 in this disclosed enbodinment. In order to maintain
a si gni fTheaedesdmesniavanihent exchangeichernet heeughsvipenabeafcxelipngs flnshilersiober
D s P BB ST A B PRSP R pd Nl GRab M SaRof the
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shower head 553. The | ength of the snmal |l est dianeter 550 of the
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t he enbo nent s , Shower strl vida throug es 556)
process tgaseis nwiyl atdo teansistivelyohkgatpeinn o to gehicvendlatvelp MighagmpemMésxtfropi asma

ef fl uent rocess on ex n chanber
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carrji.er .gas such as he i.tro cond channel
5105y 8 5oHEh 98 Of s il SeE e it BHE R tE b sk radS, FRE R

film curth®Beddlsnsan memm@tﬁ@ste@\mmﬁe%d@gﬁmonent fromthe grow ng or
as-deposited film Plpasma effluents may include ionized or neutral

der | vat 65,0l 46BLORESS. 9RT, ANHTRY 10130\ B8 LLSHECh LENSHRY 20 2

radi cal - oXygen recur or ara t70gen precursor erring to

t he at ordntbodanait] the€ydt&m @bnttdiRr proheies 8 hgmsdlsmrﬁmwﬂegpy iRk dribedhd®nt s, the
nunber of through-hol es 556 may be between about 60 and about  2000.
Thr ough-MHe¢esr5 eﬁwemr/@or&a%a piagle-byrrdsprgerd§BQr aalpgsnd digifal y made

rou i about
A e R DS SR it it g

and aboutVBrsystem o@nﬁxrinaselnt- Eobo Matehitr $uropaen (eVM£) atasdard athi¢tudbdiniem bcehd,05| ng
t he cross- ectlo shape,.of through- hol e de coni cal ,

LT o i . Bt B . SRyl SR oRE ATRER BB ot s
355 Use%tﬁl@tuk@ésr&%fgea?6E@ﬁat‘a%@a%@@ﬁ-‘bﬁta@dﬁémss' ng region 570 may be
bet ween about 100 and about 5000 or between 5about 500 and about 2000 in

SLLL? r gnltlh %&iﬂbtgﬁl:]c%ﬁﬁgﬁ?r Cglq dlaﬁrnfa’t[he ac thltegl gf t?lma\}D rnac 1ne n}?' ent% e between

20  controller executes system control software, which is a computer program stored in a
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

25  programs stored on other memory devices including, for example, a floppy disk or other

another appropriate drive, may also be used to instruct the system controller.

A process for depositing a film stack on a substrate or a process for cleaning a chamber can
be implemented using a computer program product that is executed by the system controller.
The computer program code can be written in any conventional computer readable

30  programming language: for example, 68000 assembly language, C, C++, Pascal, Fortran or
others. Suitable program code is entered into a single file, or multiple files, using a
conventional text editor, and stored or embodied in a computer usable medium, such as a
memory system of the computer. If the entered code text is in a high level language, the code

is compiled, and the resultant compiler code is then linked with an object code of
14



FIG 5B is a bottomview of a showerhead 553 for use wth a processing
chanber according to disclosed enbodi nents. Shower head 553 corresponds with
t he showewbead/shadn in FI G 5A. Through-hol es 556 are @epiust@d/ osisth a

| ar ger inner-di aneter él D) on the bottom of 10showerhead 553 and a smaller
| D at t Hecqosppilegpicrospis|VéndewgR dibeary resttiney uT @ axesutysthe Hnkesd, pgmpiesobjechver
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hel ps to 4esErS erein.
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shown) within substrate processing region 570 when plasma effluents

arrivi nd"®#HBugh t hr ough- hol es 556 in 15shower head 553 conbine with a
silicon-containing precursor arriving through the small hol es 555
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substrate processing region 570 bel ow showerhead 553. A plasma is pr esent

i n chanbenulpngewdy disgiap thes@metinfopmetders en wvhechrcash @dy oné aecopennmt ecautimer from

an infl 0 ni t r ogenand- hy en- conta in An AC vol t ically
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por tlipon sarsktiRf mbhi€orP M6 esichbd ach 3ndiRes AOHichNAWEd B 0P B Ack And@rlsEredn fsl asma
i n chanber plasma region 520 during deposition. An RF power supply 25

gener at ebspaysid gépnRFMnecpgenecasion petvawn momtomwi the tycheensiticanenitosr
frequen [ e top
[ oanen i 8RR ALy L, ERTRLOPHEAL, N bl AR BRI CaRSRTK, T

subst r atte BedasRad Dfor i@GIdANioh 7 thHesotidh-seasitionnionited ﬁ)htﬁbw(ﬂidf gscatd i | m or cl ean
the interior surfaces borderi n%; substrate processing region 570. A plasma

i n substGoEIBUAsase W thesysel eWtier-i s 30 ignited by applying an AC vol t age
bet ween shower head 553 and the pedestal or bottom of the chanber. A

cl eddi ngAgasd egeith&ubsitatdduaelk a aippossbbitraat ith powebsutrigyarefpinmad Bizgeonhi | e

t he pl a?ﬂg% E{Erﬁgﬁi’ent 2011/ 059675PCT/.US2010/ 053833 ThF qpedestal may
have a At R RS 2N ASURIG OB HOOP IHEIRE OB BTG 4INAE f1ows to

control bl dnenos Aldyr6ries aﬁ&‘ﬁ’qaf L{leéia%{ﬁe bFA' SR AN @lbkedie 8f IHaWepd he
substrate tenperature to be cool’ed or heated to mai ntaln relatively | ow

t enper atuseéd the nomifagtne o@mgrmdmecunthr Sugyerabdutican2o@)e” iThedheat exchange
the peadteRRnEgpEfraRYyRaF R nTRL « 0P ahfonr o a Rolf R pRRT Astudtter ©f
20  silicon oxide may include concentrations of other elemental constltuents such as nitrogen,
hydrogen, carbon and the like. In some embodiments, silicon oxide consists essentially of
silicon and oxygen. The term “precursor” is used to refer to any process gas which takes part
in a reaction 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-
25  excited, dissociated and/or ionized states. A gas (or precursor) may be a combination of two
or more gases (or precursors). A “radical precursor” is 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
30  precursor which contains hydrogen. The phrase "inert gas" refers to any gas which does not
form chemical bonds when etching or being incorporated into a film. Exemplary inert gases
include noble gases but may include other gases so long as no chemical bonds are formed

when (typically) trace amounts are trapped in a film.
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thereof) may al so be resistively heated in order to achieve relatively high
tenperatures (from about 120C through about 1100C) using an enbedded

si ngl e- | ovp 2ensekféd heat er el ement configured to nmake Pam/USad10/053885s i N
the formof parallel concentric circles. An outer portion of the heater
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controller. In an exenplary enbodi nent, the systemcontroller includes a
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24-bi t aadnesS§edddRed ﬁgt%r@lylﬁ&l;ma%ﬁ&tﬁeoi do8s &AL laRd BHuk t1Rf teth@o@etdiyir ti es of
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whi ch i sallaws domastcentalye jerancest ored i n a conput er - r eadabl e nmedi um
Preferably, the mediumis a hard disk drive, but the nedium my al so be

ot hap Kiplsn®destBBRN sverhNEmbSUTREAE! it RiIPBE %&%ﬁ@éd@e&o&e&ﬁkgf inl tAS bt Uk | oNns
that dictate the timng, mxture of gases, chanber pressure, chanber

t enper at\@rievs mpdifisaieens| dicsnaiive sopdiawstions, prkequivicntamdy b¢ head pidawtet ers of a
parti cul r r2 r X r

e cce RhafhEEaTorSHREorhRTRI o SRGIAR AP SOUSMAGE PEREREY
drive, may cinsatdiervenetbdea desigibed it otdbetosydidamneeastdrily bbscurifg peqaesat f or
depositing a filmstack on a substrate or a process for ¢l eaning a chanber
can be iARERBnsEorduIghy the 2benp dessripponiioatd 1t de teienpptimiting beseanced by t he
systigm o ehdi&r - The conmputer program code can be witten in any
conventional conputer readable 30 programm ng | anguage: for exanple, 68000
assenbl y,

anguage, C, C++, Pascal.,. Fortran ar others. Suitabl e program code
e ent et WHERIBTE QiThles prpRRchrt ingndsrmpad fa Bieh 1&g B G ¢ ext
edi tor, gk slicsae FweMRadhftksithe otQTRIEAY ditsakd &hméeymtw%'t?ﬁle%ﬁ@r
menory system of the conputer. If the entered code text is in a high |leve

| anguagendtlénecrdindies ¢ishdonmid iedlso apetifidadly desslgdsednEachompilkeerangobietwicen aiyen
i nked Vgta;[tgd Ml g | i%geg've%%{jgeva%e in a stated range and any other stated or intervening value in
20  that stated range is encompassed. The upper and lower limits of these smaller ranges may
independently be included or excluded in the range, and each range where either, neither or
both limits are included in the smaller ranges is also encompassed within the invention,
subject to any specifically excluded limit in the stated range. Where the stated range includes
one or both of the limits, ranges excluding either or both of those included limits are also

25  1ncluded.

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
"a process" 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,
30 and so forth.

Also, the words "comprise,” "comprising,”" "include,” "including,” and "includes" when used

in this specification and in the following claims are intended to specify the presence of stated
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WO 2011/ 059675PCT/ US2010/ 053833 preconpi l ed M crosoft Wndows(r) library
routines. To execute the |inked, conpiled object code the system user

i nvokes twWe 20tjmsed7scode, causi ng the conputer system toPCOAS201005336%e in
menory. The CPU then reads and executes the code to performthe tasks

i dentifi fé@tuteﬁ, mﬁr@er@r wmmntg&, THetdpat tart theyalowt m‘éhlda thesprescapeion #diteamrifr ol | er
is via fI@%l an ayga;§ n%%tkge &Eﬁﬁ or. Saas &{eferred enbodi nent

t wo nDnﬁ{ors are use§ Tount e PR e e dh rOSM W1 | for the operators
and the other behind the mall for the service technicians. The two nonitors
may simultaneously display the sane information, in which case only one
accepts input at a tinme. To select a particular screen or function, the
operat or touches a designated area of the touch- 10sensitive nonitor. The
touched area changes its highlighted color, or a new nenu or screen is

di spl ayed, confirm ng comuni cati on between the operator and the
touch-sensitive nonitor. O her devices, such as a keyboard, nouse, or other
poi nting or conmunication device, may be used instead of or in addition to
the touch-sensitive nonitor to allow the user to communicate with the
systemcontroller. 15 As used herein "substrate" nmay be a support substrate
with or without |ayers formed thereon. The support substrate may be an

i nsul ator or a sem conductor of a variety of doping concentrations and
profiles and may, for exanple, be a sem conductor substrate of the type
used in the manufacture of integrated circuits. A layer of "silicon oxide"
is used as a shorthand for and interchangeably with a

si |l i con-and- oxygen-containing material. As such, 20silicon oxide nmay

i ncl ude concentrations of other elenmental constituents such as nitrogen,
hydrogen, carbon and the like. In some enbodi nents, silicon oxide consists
essentially of silicon and oxygen. The term "precursor” is used to refer to
any process gas which takes part in a reaction to either renove nateri al
fromor deposit material onto a surface. A gas in an "excited state"
describes a gas wherein at |east sone of the gas nolecules are in

vi brational | y- 25excited, dissociated and/or ionized states. A gas (or
precursor) nmay be a conbination of two or nore gases (or precursors). A
"radical precursor” is used to describe plasma effluents (a gas in an
excited state which is exiting a plasma) which participate in a reaction to
either renove material fromor deposit material on a surface. A
"radi cal -nitrogen precursor" is a radical precursor which contains nitrogen
and a "radical -hydrogen precursor” is a radical 30 precursor which contains
hydrogen. The phrase "inert gas" refers to any gas which does not form
chem cal bonds when etching or being incorporated into a film Exenplary

i nert gases include noble gases but may include other gases so |long as no
chem cal bonds are fornmed when (typically) trace amounts are trapped in a
film WO 2011/ 059675PCT/ US2010/ 053833
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The term"trench"” is used throughout with no inplication that the etched
geonetry has a large horizontal aspect ratio. Viewed from above the
surface, woentlsse7say appear circul ar, oval, polygonal, Pceaisangosiss; or a
vari ety of other shapes. The term”via" is used to refer to a | ow aspect
rati o t rWhel hCEAT B may not be filled with nmetal to forma vertica
el ectrical 5connection. As used herein, a conformal |ayer refers to a
general 'y uniformayer, t - surface in- .S as the
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The art that BT T e e e R o S
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clearly dlctates otherw se. Thus, for exanple, reference to "a process”
i ncl udessubstpiteur al ity of such processes and reference to "the precursor”
i ncl udes reference to one or nore precursor and equival ents thereof knomn

to t hose ski | led i erh%,rrﬁeth:]%) gf'(gal%;?l w%(%}e,mt Alc% nig {ellln\el"a,?%ur% is 5:% §ﬁ§ e

conprising,” "include I hC
speci fi cabugooaad in the following clains are |ntended to speC|fy t he
presence of stated WD 2011/059675PCT/ US2010/ 053833

4. The method of claim 1 wherein the curing temperature is less than or

about 200°C.

5. The method of claim 1 wherein the curing temperature is increased
during the curing operation from a temperature below or about 250°C to a higher temperature
above 400°C to further convert the carbon-free silicon-nitrogen-and-hydrogen-containing

layer to the silicon oxide layer.

6. The method of claim 5 wherein the ozone-containing atmosphere

further comprises steam (H,O) while the substrate is at the higher temperature.

7. The method of claim 1 wherein the nitrogen-and/or-hydrogen-

containing gas comprises at least one of N,H,, NH3, N, and Ha.
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features, integers, conponents, or steps, but they do not preclude the
presence or addition of one or nore other features, integers, conponents,

st eps, acwe®,20avosge7oups. WHAT IS CLAIMED | S: PCT/UB201v0R38850d Of
form ng a silicon-and-oxygen-containing |layer on a substrate in a

pl asma-free substrate processing region in a substrate processing chanber,

t he met hod conpri si-ng: The methegbpbdpim hgyhgreamths dirggeaend/or-hydrogen-

si licon- h{aﬁrﬁﬁg@fe%ﬁ&gaﬁ’é’o‘iﬁa‘?&e[ﬂfrggﬁ# O Grb &Y e Qlﬂc&ﬂ‘?mﬁ&&%gp%c%'rso?ﬁkd
curing the si on-ni trogen-and=hydrogen-contal ning layer at a curing

t enper atagsentinlty airogzofiee.cont ai ni ng at nosphere to convert the
silicon-nitrogen-and- hydrogen-containing |layer into a silicon oxide |ayer.
2. The nmethod of c|laim_] wherein.the carbon-free

si | i con-ni trogen- dhydf‘ﬁgaﬁﬁe%ﬂﬁ cpim hyhemitheindregspmad/oprydrogen- ¢ oning a
ni t r ogenaneifs pRY LSS AitkfpRh R1aNg (R GEHnSRE: Jifldd-dnblifagBrdcgdbPn t 0
produce a radical -ni trogen-and/ or-hydrogen precursor; conbining a

car bon- fooginsitifregsm- cont ai ni ng precursor with the

radi cal - ni trogenand/ or-hydrogen precursor in the plasna-free substrate
processi ng region;,and d L4 t he carbon-ftgee. . -

5111 con- i t rogen- A9a- hydiedBEhSERRAh | AyeiTy P aOnHiseSilisopsogpiginine

3. The metdieshrobmpliadsm slliovhedndiditrdfta-contdifige bepsoat ure is | ess than or
about 400C. 4. The et hod of c%ain11 wherein the curing
tenperature is less than or abouf 200C i 5. .The method of claim
1 wherein the curillg te?ﬁﬁép%t?eff @fL ¢lain hpehgrednthe gatopgracHdiconr R IBREr at i on
froma hﬁ&R@&ﬁEH&,ﬁgﬁhﬂﬂﬁ@ryabOUt 250C to a higher tenperature above 400C
to further convert the carbon-free silicon-nitrogen-and-hydrogen-containing
| ayer to the silicon oxide |ayer. 6. The nethod of claim5
wher ei n t he ozone-l@ont aiheimethed abdpihet evbrent thercabonydrdesdsostretargepHad) whil e
7. The met hod of

the substrate is at .the higher. tegperatur
cl'ai m 1 WAGHETOPARIBE By DGOSR O KO bHEIGNt ai ni ng gas conpr i ses at
| east one of N2H2, NH3, N2 and H2.

13.  The method of claim 1 further comprising raising a temperature of the

substrate to an oxygen anneal temperature above or about 600°C in an oxygen-containing

atmosphere.

14.  The method of claim 13 wherein the oxygen-containing atmosphere
comprises one or more gases selected from the group consisting of atomic oxygen, ozone,

nitrogen dioxide, and steam (H,0).

15.  The method of claim 1 wherein the substrate is patterned and has a

trench having a width of about 50 nm or less.

16.  The method of claim 15 wherein the silicon oxide layer in the trench is

substantially void-free.

17.  The method of claim 1 wherein the plasma region is in a remote

plasma system.

18.  The method of claim 1 wherein the plasma region is a partitioned
portion of the substrate processing chamber separated from the plasma-free substrate

processing region by a showerhead.
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WO 2011/ 059675PCT/ US2010/ 053833 8. The method of claiml
wherei n the nitrogen-and/ or-hydrogencontai ni ng precursor contains nitrogen
and the caphon/dSpE@é silicon-containing precursor i s essenmitskony/ 053833

ni trogen-free. 9. The nmethod of claim 1l wherein the

ni t rogen- and/ or - hydr ogencont ai ni ng precursor is _nitrogen-free and the
carbon-free silicdd- conthgimethed pf deig & stherednthgisHicon oxidg gepsists essentially of

10. Thesﬁﬁ%g%ngQg%%ginyl_mherein the carbon-free silicon-containing
precursor conpris a silicon-and-nitrogen-containing precursor.

11. The method of claim 1l wherein the carbon-free silicon-containing

precursor conprises N(Si H3) 3. 12. The nmethod of claiml
wherein the carbon-free silicon-nitrogen-andhydrogen-containing |ayer
conprises Si-N and Si-H bonds. 13. The method of claiml

further conprising raising a tenperature of the substrate to an oxygen
anneal tenperature above or about 600C in an oxygen-containi ng at nosphere.
14. The method of claim 13 wherein the oxygen-containing at nosphere
conprises one or nore gases selected fromthe group consisting of atom c

oxygen, ozone, nitrogen dioxide, and steam (H20). 15. The

nmet hod of claim 1 wherein the substrate is patterned and has a trench
having a wi dth of about 50 nmor |ess. 16. The method of claim
15 wherein the silicon oxide layer in the trench is substantially

voi d-free. 17. The method of claim 1l wherein the plasnma region
isin arenote plasnma system 18. The nmethod of claiml

wherein the plasma region is a partitioned portion of the substrate
processi ng chanber separated fromthe plasma-free substrate processing
region by a showerhead. WO 2011/059675PCT/ US2010/ 053833 19. The net hod of
claim1 wherein the silicon oxide consists essentially of silicon and
oxygen.
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