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PRECURSORS FOR HIGH-TEMPERATURE DEPOSITION OF SILICON-
CONTAINING FILMS

5 INCORPORATION BY REFERENCE
A POT Request Form is filed concurrently with this specification as part of the
present applicatton.  Each application that the present appleation cluns benefit of or
priority to as idemified i the concwrently filed PCT Request Form is wmeorporated by
reforence horeln in ity entivety and for all purposes.
10 FIELD OF THE INVENTION
This nrvention pertmins 1o mcthods of seniconductor deviee manufactuning,
Specitically, cmbodiments of thus invention periatn to precursors used fr deposttion of
sithco-contammyg lns vy saniconducior processing.

BACKGROUND

o
LA

In integrated civewst (1C) fabrication, deposition and etchung techniques ave used for
forming patterns of materials, such ag for fornung metal nes embedded n diclectric layers,
Some patterning schemes requite conformal deposition of matenals, where the deposited
layer should follow the contowr of protrusions andfor recessed foatures on the swrface of the
substrate. Atomic layer deposition (ALDY Is often a preferred method of forming conformal
20 filmg on a spbetrate, becavse ALD rypieally relies on adsorption of ove or more reactants
{precursos) to the surface of the substrate, and on subsequent chemical ransformation of
ihe adsorbed layer to the desired material. Because ALD uses sequential reactions that occur
on the sarface of the substrate, that are separated in time, and that are typieally Timited by

the amount of the adsorbed reactant, this method can provide tun conformal lavers having

=
&4

excellent step coverage.

Chemical vapor deposition (CVD) is another deposition msthod widely used in
saniconductor processing. In CVD, the reaction ocvurs in the volume of the process
chamber, and is not tmited by the amowt of reactants adsorbed 1o the substrate. As a resuly,
CVD-deposited films are often less conformal than ALD-deposited films, CVI is typacally

3y used in applications where step coverage is less important.,

ALD and OVD may employ plasma to promote the reactions of the deposition
precussors resulting b the formation of the desived films. The methods that make use of the

plasnia are known as plasma enhanced ALD {(PEALD) and plasma enhanced VD
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{PECVDY). The methods that do not cmiploy plasma ave reforred 0 as thormal ALD and
thermal CVB.

The background deseription provided herein 18 for the purposes of generally

presenting the context of the disclosare. Work of the presently named nventors, to the oxtomt

v

it i3 described in this background section, as well as aspects of the description that may not
otherwise qualify as prior wt at the fime of filing, are neither expressty nor bophedly
admitted as prior art againgt the present diselosure,

SUMMARY

Methods for depositing silicon-contatning films, such as silicon oxide, are provided.

10 The methods, in some embodiments, involve deposition at high temperatires of at least
about 330 °C, such as of at least about 530 °C {e.g. about §30 °C and greater than about 550

“Cy . such as of at least about H00 *C. Stable silicon-vontaining precursors suttable for
depositions at temperatures of at least about SO0 °C, such as at temperatures of about 356 -

700 ¢ are provided. Precwrsors that peovide surface-only desired reactivity at these

15 temperatures and that can be used in both thermal ALD aod PEALD are provided. High
temperature deposition can be utilized to deposit silicon-containing films with superior
quatity. For example, silicon oxide deposited by Ingh temperature ALD can have desirable
chavacteristies for integrated ciramt fabrication such as low wet etch rate, fow leakage
current, bigh breakdown field and low concentration of bupurities that are oficn unatiainable

20 at lower tomperatures, by some ombodinients, silicon oxide filows obtaived by high
tepmperature deposition  as deseribed herein have one or wore of the following

characteristics: concentration of mmpurities of less than about 1 atonsic % (where hydrogen

3

concentrations are excluded from calculaticm}, density of at least about 2.23 glomy’ (e,

1%

about 223 ~2.39 g,s"cm; . such as shout .26 gs’cm}), wet etoh rate of fess than about4 i
25 aqueous hydrofivorice acid (HF) having a concentration of 288 mM, leakage current of
foss than about 15107 Ajem® at 2MV, and a breakdown field of greater than about 10
MV In some embodiments the deposited silicon oxide films provided herein have all of

the charscteristies listed above.

Many silicon-containing precursors that ave conventionatly used for low temper

e
30 ALD, exhibit thormal decompositton at high tomperatures, and are wnswttable for high
temperature ALD. Further, many conventional silicon-containing precursors are ot snitable

for both thermal and plasma enhanced depositions.
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In ome embodinent a method of forming a silicon-contatung layer on a
semivonductor substrate s provided, where the method mehudes: {a) exposing the
semizonductor sabstrate to-a sihicon-containing precursor in a process chamber, (B) exposing
the senvconductor substrate to 4 reactant in the process charber; and (o) reacting the silicon-
containing precarsor with the reactant on a surthce of the senviconductor substrate to form
at least a portion of the silicon-containing layer, wherein operations (3} — (¢} are performed
at a temperatore of at least about 560 °C, where the silicon-containing procursor 18 a
compound that has at least one Si-51 bond; at least one 51X bond, wherein X is selected
from the group consisting of ¢ halogen, triflate, tosylate, ON, N;, and NRiR», wherein Ry
and R are imdependently selected from the group consisting of H, amd an alkyl, wherein Ry
angd Ry are either hinked o foem a cychic ring structure or not hinked; and at least one Si-R

bond, wherein R is selected from the group consisting of H, and an alkyl.

In another embodiment a method of fornung a silicon-contatming laver on a
semiconductor substrate is provided, where the method mchudes: (1) exposing the
sermiconductor substrate 1o a sthcon-contammg procursor m a process chamber, (b) exposing
the senuconductor substrate to a reactant in the process chamber, and {o} reacting the silicone
conttaning precursor with the reactant on a8 surface of the senvconductor substrzte to form
at feast a portion of die siticon-containing layer, wherein operatons (a) - (¢} are performed
at a temperatare of af least about 300 °C, and wherem the silicon-containiing precursor s 8
compound that has at least one silicon atom that forms bonds with at least two nitrogen

atoms, wherein the at least two nitrogen atoms ate linked o form a cyclic ving.

In another embodiment a method of forming a silicon-containing laver on a
semiconductor substrate s provided, where the method mchudes: {8} cxposing the
senueonductor substrate to a siticon~containing precursor in a process chamber, (b exposing
the semieonduetor subsirate to areactant i the process chamber; and () reacting the silicon-
contaiming procursor with the reactant on a swrface of the semiconductor substrate to fonm
at {east a portion of the silicon-containing layer, wherein operations {a) - {¢} ave performed
at a temperature of at feast about 500 °C, and wherein the silicon-containing precarsor 18 a
compoynd that has at feast one nitrogen atom that fortns bonds with at Isast two silicon

atoms.

In another cotbodiment 3 method of forming a silicon-containing layer on 2

semiconductor substrate is provided, where the method includes: {a} exposing the
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semiconductor substrate to a stheon-containing precursor in a provess chumber, (b) exposing
the semiconductor substrate to a reactant in the process chamber; and {¢) reacting the silicon-
Coptatning precursor with the reactant on a surface of the semiconductor subsirate to form

at feast a portion of the silicon-contaiming laver, wherein operations {a) ~ (¢) are performed

Lo

at a eoperature of at least about 800 °C, and wherem the silicon-contatning precursor i a
compound that has at least one siticon atom that forms a bond with a motety selected from

the group consisting of -Na, -ON, -OT{ {mmiflawe), and -OTs {tosylate).

In another embodiment a method of forming a silicon-containing layer on g
senucondactor substrate is provided. where the mwthod mchudes: () exposing the

10 semsconductor substrate to a silicon-containing precursor in a process chantber, (b} exposing
the senuconductor substrate to a reactantin the process chamber; and {¢) reacting the silicon-
containing precarsor with the reactant on a surface of the semiconductor sebsirate to foum

at least a portion of the silicon~containing laver, wherein operations {a) — (¢} are performed

at a temperature of at feast about 300 °C, and wherein the sihcon-containing precursor is a

153 compound that has at least one sthicon aton that forms bonds with at least two oxygen atons,

wherein the at least two oxygen atoms are Hinked to form g cyelic ring

In another embodiment a method of forming a sitlicon-comtaining layer on a
sendconductor substrate s provided, where the mothod includes: {a) cxposing the
semiconductor substrate to a sihicon-containing precursor in a process chamber, {b) exposing

20 the somiconductor substrate to arcactant in the process chamber; and {¢) reacting the sihivon~
contaiming precursor with the reactant on a surface of the semiconducior substrate o form
at least a portion of the silicon-containing layer, whersin opsrations {a) — (¢} are perfonmed
at a temperatas of at least about 500 °C, and wheren the silicon-containing precursor is 2

compound that has at feast ove silicon atom that is part of a cyclic ring.

23 In some  ombodiments, mothods provided herain  are  integrated  with
photolithograplic patterning. methods. and. farther nclude: applving photoresist 1o the
workpicee, esposing the photoresist to light, patterning the photoresist and transforring the

pattern to the workpieee, and sclectively remaoving the phetoresist from the wotk prece.

by ancther aspect an apparatus is provided, where the apparatus includes a process
30 chamboe baving an mlet for admitting 3 sthcon-comtaming precuwrsor mto the process

chamber and 2 substrate support, where the apparatus further includes & conwoller having

e
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prograws fnstract for cansing deposition of silicon-containing fibes according to any of the

nrethods provided berein.

fn another aspect, a system is provided, where the systemy includes g deposition

apparates described heretn and a stepper.

5 In another aspect, a non-tramsitory computer machine-readable mediom comprising
program insttuctipas for control of a deposition ool is provided, where the prowram

mstractions inchude code fiw performing stops of any of the methods provided herein.,

These and other aspects of implementations of the subject matter described in this
specification are set forth in the acconmpanying drawings and the deseription below.
14 BRIEF DESCRIPHION OF THE DRAWINGS
Figare 1 provides examples of silicon-containing precursors according to an

embodiment provided heren.

Figare 2 provides examples of silicon-containing precursors according o another

emvhodiment provided herein

ot
T

Figares 3A and 3B provide examples of silicon-containing precursors according to

cmbodiments provided herein,

Figare 4 is a process flow diagram for a method of forming silicon oxide films

according to an embodiment provided herein.

Figure 3 i a progess tlow diagran for @ method of formung sthoon oxade films

20 according to an cmbodiment provided herein,

Figare 6 is a process Bow dingram for a method of formung silicon oxade filos using

a single precursor via both thermal ALD and PEALD,

Figure 7 15 a schematic presentation of an apparatus that is switable for depositing

silicoi-containing Hlns, according to an cmbodiment provided herein.

23 Figure § shows a schomatic view of a multd-station processing systom according o

an enbodiment provided herein.
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Figure ¥ shows a schomatio view of a multi-station processing systom according to

an embodinent provided herein,

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

5 Methods and precursors for depositing high quality silicon-containing films on
semiconductor substrates @t high twomperatures are provided. Provided methods and
precigrsors can be used, for example, for depositing a blanket silicon-containing laver (e.g.,
silicon oxide layer) on a planar substrate, or for depostting a conformal silicon-containing
tayer on a substrate having one or more recessed of protruding features. The semiconductar

10 substrade prior (o deposition of the filor may inchude an exposed laver of diglectric andfor

metad on s serface. The methods are particularly weefid for depositing thin silicon-

containing films in 3 controlied manaer. For example, high quality conformal filos with

thicknesses of between about 0.5 - 230 nm can be deposited.

The methods can be used for depostiion of a varigty of stiicon-coptaining materials

15 incheding, but not himited to stheon oxide (5105, sthicon mitride (SN}, silicon carbide
(SiC5), silicon oxyaiinide (SION), and sificon oxyearbide (510.05), where x and v indicate

that the stoichiomeiry of these compounds may vary., Provided precursors and methods are
particularly sustable fr deposition of stheon wsade, such as tugh quality silicon oxide with

fow lovels of incorporation of other elements. Deposition at high temperature, such as at

20 tenyperatures of at least about 300 °C, such as at least about 556 70, s often needed i order
to produce high qeality silicon oxide films having high purity, Preaursors that ewhibit clean
reactivity at ligh tomperatures, with low levels of decomposition, are provided herein, It is
understood that the described silicon-containing precursors can also be used for depositions

at Jower temperatures and for deposition of films other than high quality silicon oxide.

25 Further, provided precursors are suitable for both thermal and plasma enhaneed depositions,
where both thermal and plasma enhanced depositions can be couducted at bigh temperatwe

of at least abowt 500 °C, such as about 300 - 800 °C. e.g., abowt 530 - 700 *C. The

toniperatares reciied herein refer to temperatares measured proxbmate the subsiate. It i

andersiond that the prevessory degeribed herein can be used for depostiions at lower
30 sempootures than U0 50,
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In some ambodiments at least one step during deposition is conducted at high
tepaperature, n other envbodiments the entire deposition, which may inclade multiple

reactant dosing and purging steps is performed at high tomperature,

“Silicon oxide” as osed herein, refors 10 a material that consists essentially of sificon

v

(51) and oxygen (O Other clomoents {o.g., €, and W) can be prosent in siticon oxide in small
quantities {e.g., with a total content of less than about 15 atonre %, or less than about 10,
where hydrogen is not included in the calcolation). Silicon oxide typically 1s Sith, although
deviations from 1.2 (silicomoxygen) stoichionwiry may be possible. “High purity silicon
oxide™ as used herein refers to silivon oxide that includes less than about 1 atomic Y% cavbon,
10 less than about §.1% nitrogen, and less than about 8.1% of other elements, where hydrogen
15 mot included in the caleolation. In some embodiments, high purity silicon oxide tnclodes
fess than about 1 atomie % of clements other than silicon and oxygen {where hydrogen i3

not included i the caleulation),

Silicon mitride (51N, silicon earbide ($1Cs), silicon oxynitride {510N), and silicon

15 oxyearbide (S10.C,) refer to matertals that respectively consist essentially of silicon and
nitrogen (SING), silicon sad carbon (S1€.), sthicon, oxygen and nitvogen (310N, and
sibeon oxyvgen and carbon (8O:Ce). Other slements may be present in these compounds in

small quaditics, e.g., m an amownd of loss than about 1% atomie, where hydrogen is

excluded from the caloudation.

20 The tenm “semiconductor substrate” as used herein refers 1o a substrate at any stage
of semiconductor devige fabrication contatning a semiconductor material anywhers within

s struectwre, 1t s understood that the seoiconductor matertal in the semiconductor substrate
does not need 1o be exposed. Semiconductor wafors having o plurality of lavers of other
materials (e.g., dicletics) covering the sumiconductor matenial, are exmuoples of
25 semiconductor substrates.  The following detailed description assumes the disclosed
upnplementations are auplemoented on 2 semiconductor water, such as o @ 2 pum, 300
o, or 430 pun samiconductor wafer, However, the disclosed implomentations are not so
limited. The work picce may be of vavious shapes, sizes, and materials. fu addition 1o
semviconductor wafers, other work picces that may take advantage of the disclosed

30 mplementations inclhude vantons articles such as printed cirouit bowrds md the hike

R
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The term “aboat” when ssed in reforence 1o numeries! values includes a range of

£10% of the recited mumerical valoe, anless otherwise specified.

The tenn “alkyl”, as aged heremn, refers to saneated substituents containing

exclosively carbon and bydrogen atoms. Alkyls inctude boih Hincar, branched and cyelic

v

grogps. Examples of lincar alkyl groups inclade withowt Hitation, methyl groups, otind
eroups, #-propyl grovps, a-butyl groups, e, Examples of branched alkyls groups inclade
without linsdtation, Tsopropyl, isobutyl, sec-butel, and fbatvl  Exanmples of eyeloatkvls

include without Himitation, cyclopropyl groups, cyclopentyl groups, cyclohexyl groups, ete.

The term “alkviaming”, as used herein, refers 1o NR: groap, wherein at least one R
W is an abkyl, and each R s independently selected from H and an alkyl Examples of

atkvlamine substituents inchude dinmethvlamine and dicthvlamine substituents,

The torm “independently selected”™, when reforring to R substituent sélection in g
molecule containing muldtiple R groups, means that the sclection of R substituents at

different atoms of a molecale s indopendent and that the selection of R substituents at one

p—
e

atom having malople R sabstiteents 15 also independent. In molecules containing multiple

R groups, R groups may be same or different.

Siiconccontaining  films  with controlled  thicknesses can be deposited on
semiconductor substrates by sequentially exposing the substrate to a silicon-contaiming
precassor and to 3 reactant, where the reactant reacts with the silicon-containing precunsor

20 and forms a film of destred composition. The reactions are typically Timited by the ammant
of a silicon-containing precursor andfor reactant residing on the surface of the substrate, and
are fypically repeated as many thmes as necessary for depositing o filim with desired
thickness, For example, siticon oxide filnws can be deposiied by sequentially exposing the

substrate o a silicon-contaiming precursor and an oxygen-confaining reactant, such as O,

o
L

s, HxO, HoOy, and NoO, where the reactant may be optionally activated in o plasma,
However, when deposition occurs at relatively low tenaperatare (g, af less than about 500
2, the deposiied siieon oade often hag fow quality. This stems largely from the low
therraal energy of the system, which m trn feads to such problems as ow fibe density,
lowered reactivity of Si-containing procursor on the surface, and increased atomic impurities
3 asaconsequence of more challenging byproduct removal. In order to deposit high quality

silicon oxide, deposition often needs to be performed at tomperatures of at least about SO0

&
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tos decomposition at high temperatees. For example, bis(tert-butyviaminolsilane {(BTBAS)

exhibits decomposition al emperatures of greater than about 350 °C.

Several classes of silicon-containing precursors that can be used for deposition of

Ly

stlicon-contaming films at high temperatare are provided. For example, procursors that are
suitable for depositions at o temperatare of at Jeast abouat SO0 70, such s at Teast abowut 550

€, such as at aboat 300 ~ 300 °C, e.g., 350-700 *C are provided. In some embodiments, a

single precursor 1s wsed for both PEALD and thermal ALD, where both plasma-assisted and

thermal deposition are conducted in one reactor.
W Precwrsors eontaining SEST bowd

In-one aspect, a silicon-containing precarsor suitable for high temperatere deposition
is a compmumd that bas at Icast one Si-Si bond, at least one 8i-X bond, wherein X s selected
from the group consisting of a halogen {e.g., CL Br, andior 1}, triflate (CF:804), toaylate
(UHUsHLSO), N, Ny, and NE Ry, wheretn Ry and Ro are wndependently selected from the

15 group consisting of H, and au alkyl, wheretn Ry and Ry are cither hinked to form a cyclic
ring structure or not inked; and at least one Si-R bond, wherein R s selected from the group
consisting of H, and an alkvl In some embodiments alkyls are CH-C4 allovls, sach as

methyvl, ethyl, s-propyl, isopropyl, s-butyl, rec-butyl, or t-butyl.

In sonme embodiments, the silicon-containing precersor 18 SipRam X, where nis an
20 nteger selected from 2 to 10, and where cach R is the same or difforent and is
independently selected from the group consisting of H, an alkyl, an alkenyl, and an

atkynyl.

Examples of more specific suttable precursors of this type inclade compounds 1, 2,

and 3, shown m Figure 1, wherecach R s the same or different and is fndependenty selected

25 from H and a C1-C3 alkyl (e, methyl, ethyl, n-propyl, isopropyl). Speaitic exsmples
inciude  l-chiovodisilane, I-dimethylanunodisilane, I-dicthviaminotrisiiane, and  I-

bromatetrastlane.

In some embodiments the silicon-containing precursor includes at least one silicon

atom that is part of a cyele.

G-
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In some embodiments, suitable precugsors contain two or more X groups. For

example 1. 2-bis{diisopropyiaminoidisitane (BDIPADS) contains  two  dialkvlamine

substituenis.

Haloalkvidistianes can be parchased from chemical supplicrs. such as Millipore

A

Sigma or Gelost. Amine-substiteted silanes or those inchuding pseudobalogen groupscan be
prepaved under inert atmosphere via nucleophilic substitution of a chloroealkylperailane.
Alternatively, substituted monositanes can be reduced with an alkali metal, such as Hihium,
and coupled with a second sebstitated stlane to form a distlane precursor. Tristlanes and
tetrasilane precursors can be formed under similar conditions with an excess of alkali metal

10 reductant
Precursors vontaining N-Si-N motif

o another aspect, a silicon-containing precursor that s suitable for high temperature
deposition is a compownd that comitaing at least one sificon atom that forms bonds with at

feast two nitrogen atoms, wheremn the at least two nitrogen atons are Huked to form a cyclie

oot
L% 13

ving. The cvelie ving includes the silicon atom and both nitvogen atoms, and may be, for
cxample, 4-membered, 3-membered, or & membered, In some cmbadiments, the precursor

includes more than one of such vings. For example, compound 4 shown in Figere 2, based

on 1,47 « tiazacyelononane (TACN} has four of such rings.

Examples of suttable compoands having N-SEN mwotif ave shown in Figure 2, where

20 mcompoundsd, 5,6, 7, 8 and 9 cach R is the same or different andis independentdy selected
fron the group consisting of H, and an atkyl, and each R is the same or different and is an

athyl In some embodiments, the alkyls are C1-C4 atkyls {e.g., methyl, cthyl, a propyl, ora
butyl). The illustrated compounds are based on TACN {compound 4}, cthylenediamines
{compound 3), 14-diazabuta-1 3-dtenes (DAD) (compounds & and 7Y, and amudines

253 {compmmd &) These compeounds can be prepared by reacting silicon halides with
convesponding amings or diazabutadione. In some embodiments compounds of siticon and

.4 P-trimethyl-1 4,7 ~ triazacyclononane (MesTACN) are provided, shere MesTACN acts

as 2 tridentate ligand. In enc snplementation the compound contains S{MeTACNIX:
cation, where X is a halogen {e.g., F). Such compound can be prepared by a reaction of SiFy

30 with Mo TACN under anhydrous conditions.

-10-
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In some embodiments suitable compounds baving N-5i-N monf are adducts
containing 2 2-bipvridine  {bipy), 1 1{0-phensntroline {(phen) o NNN'N
tetramethyvicthylencdiamine {TMEDA). Examples of such compounnds inchide SiXabipy,

and SiXyTMEDA where each X iy independently selected fromy a groep consisting of

Lo

balogen {e.g, Clor Br), H, and an alkyl {e.g., methyl or ethyl). Specific examples include
SithUh(bipy),  SiHCh(bipy), SiChMethipy), SiChMetbipy), SiICLH{TMEDA), and
SICLHA{TMEDA), These compounds can Be synthesized by reacting a silivon-coniaimng
starting material {e.g., HaSiCly, HS1CE, MeSiCls) with a desired Bgand (e.g., bipy, phon,or
TMEDA).

10 In some embodiments the sthcon-containing precersor is a3 silviene {a divalent,
dicoordinate sthicon species). Exmnples of silylenes are compounds 7 and 8 shown in Figure
2. Stability of silylencs is typically onbanced by presence of bulky wroups. In some

embodiments R in compound 7 is a sterically bulky group such as ~butyl. A specific

example of such sibylene is NV AN di-teri-butyl-1,3-diaza-2-silacyclopent-4-en-2-vhidene,
153 These compounds can be obtained by a reaction of sthicon (IV) halide {e.g., SiCls} with a
lithiated NN"-di-tert-butyi-1 d-diazabutadicne, followed by a reduction by atkali metal or

potassiun graphite to produce the silicon {11} compound 7,
Precursors containing (-81-0 moxif

Inanother agpect, a sthoon-containing precursor that is suitable for high temperature

26 deposition is a compound  that containg &t least one silicon atom that forms bonds with at
least twn oxygon atoms, wherein at least two oxygen atoms are Hoked 1o forn a cyclicring,

The eyclic ring snelides the silicon atom and both nitrogen atonss, and may be, for example,
d-membered, S-membered. or 6 membered. In some embodiments, the precursor includes

more than one of such ngs.  For example, silicon compounds with f-diketonate ligands

35 (.o, with acctviacctonate) may be used. In one crobodiment, the compound has a fonmula
SHARX, where A s a substitated or unsubstitated acetviacetonate, and X 18 2 halegen {c.g.,
chloride). In ancther mbndiment, the compound has a formula SHARRX, where A isa B-
diketonate (o substituted or ynsubstituted acetviacetonate), X'is 3 alogen (¢.g., chloride),

and R is an alkyl {e.g., methyl), Acetylacotonate silicon compounds can be prepaved, for

30 example, viaa reaction of sihieon halide {e.g, SICK) with acetvlacetone or acetylacetonate.

in another embodiment the compound is Si(AMR;, where A 15 a B-diketonate {eg,,

-11-
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A

10

20

acetylacetonate or dibenzoyinethane), and each R 1s mmdependently sclected from the wroup

consisting of an allovl, and halealkyl {e g, TF;)

Freciasors contoining SEN-N ol

In another aspect, a silicon-containing precarsor that is suitable for high tomperatwre
deposition is a compound that contains at least one nitrogen atom that forms bonds with at
feast two sthieon atoms. In some embodiments the precursor 1s compound 10 shown in
Figure 3A, ehere cach R is the same or different and 15 independently selected frony the
group consisting of H, and atkyl, and wherein cach R is independently selected from the
group consisting of H, alkyl, and S§R)s, where each RY s independently selected from the
groop conststing of H, and an alkyl In sonwe embodiments alkyls are C1C4 alkyls, such as
C1C3 alloyls. Specific cxamples of conmpounds 10 inclede teis(irimethylsilyDamine,
wisilvlanine, isopropyl{disityDanune, ethyl-bis(oimethylsibyDamine, disilylbydrazine. In
some nplementations precursors of formula 10 bave strueture 11 as shown in Fuyare 34
Precursors of thus class can be prepared, for example, from a haloatkyisitane and the
convesponding base under acidic conditions. For example, isopropylamine can be stivred i
the presence of excess HOT with chivrotrimethylsilane to form sopropylammo-teimethyi-

silane.
Cyelie precursors

In another aspect, a silicon-containing precarsor that is suitable for high temperature
deposition 1s a compound that contains af beast ong silicon atom that is part of & cychie ring,
Examples of vings inchade d-mcmbered, S-membered, 6-membered, and Tamembered rings.
in some embodinients at least one silicon atom forms bonds with two carbon atoms, where
the two carbon atoms are linked to forny a eyclic ring. In some ambodiments, the at feast
one siticon atom further fornws bonds with one or tweo wtrogen atoms. An exanyle of such
precursor is precursor 12 shown in Figure 3B, where R! and R® are same or different and

are independently selected from the group consisting of an atkyl (g, C1-C4 alkvl), and H,

In some embodiments at least one silicon atom forms bonds with a catbon atom and
a nitrogen atomn, where the carbon atom and the witrogen atom are linked to form a cyclie

ring. An example of such precursor is precursor 13 shown in Figure 3B, where RY and R?
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are sanie or different and are independently selected from the group consisting of an alkyl
(e.g., CH-C4 alleyl), and H

fn some embodiments at least one silicon atom forms bonds with & carbon atom and
a stlicon atom, where the carbon atom and the silicow atom are Bnked to form a cyelic ting.
Fxamples of such precursors ave precassor 14 and 15 shown in Figure 3B, where RER® are
same or different and are independenty selected from the group consisting of an alkyl (e,
C1-C4 alkyh), and H.

Specific  examples  of owelic compounds  inclade 1,12 2-etramethyd-12-
distlacyclohexane, and 1, 1-bis(cthvlamine}-1-silacyclobutane. Precursors of this tvpe can
be prepared from  condensation of hwear haloalkyldistiangs,  For example, 13-
bis{chiorodimethvhibutane is condensed pver Na/K alloy o provide 1,1,2 2-tetrametiagl-1,2-

distlacyelohexane
Frecursars cordaiing psewdobalogen leaving groups

In another aspect, sibicon-containing precursors are provided, where the precursor
containg one or more pseuidohalogen leaving groups bonded to silicon. o a specifie
implementaton the precursor containg at least one sificon atom that forms a bond witha
muiety sclocted from the group consisting of =N, <ON, ~O7Tf (iriflate), and ~OTs osylate).
In one mplementation the silicon-contaming precursor is SiXoRe, wherem cach X s
ndependently selected from the group consisting of -Na, «ON, -OTF (iriflage), and ~OTs
(tosylate), cach R is independently selected from the group consisting of H, an alkyl, and
NRRY, wherein each R! and RY is independently sclected from the group cousisting of H,
and mn atkyl, wherein RY and R are cither linked to form a cyclic ring structure or not tinked,
and wheretnn is 143, nyis 1-3, and e is 4. Compounds of this type are tvpically prepared
via saft mewathesis, for example, sodiwm triffeoromethanesalfonate 1 stimed with
diatkyi{isopropylaminojchiorosilane to provide diatkyl{isopropylamine)stiyi-

triftuoromethancsulfonate and NaCl

Moieties enbancing stabitive and desived ssaface revotivity

The stability of compounds at tough temperatwre and the desired reactivity are
believed to be enhanced by a presence of at feast one clectron-donating group {o.g., an alkyh
bonded to sithicon, and at least one leaving growp bonded to sthieon. Examples of suitable
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feaving groups include halogens (such as CL, Br, and 1), -Ng, -ON_ -OTf (piflate), and -0OTs
(tosviate). Another example of a suitable leaving group is an NR'R® amino groap, where
each R and R? is independentiy selocted from the group consisting of H, and an alinvd,
wherein R and R are either linked to form a cyclic ring stucture or not linked. In one
erabodiment the silicon-containing precursor is a compound of any of the classes deseribed
herein, which has at least one atkyl substituent and at least one leaving group as deseribed

above.

Without wishing to be bound by a specific theory on compound stabality, it is
believed that the stability of precursors can be enhanced by sclecting precursors without
sthcon-bydrogen bonds. In one embodiment the siicon-containing precursor is a compound
of ay of the classes described herein, which does nob have siicowhydrogen bonds.
Sclection of suitable precursors is, however, not liovted by the deseribed theorics on
stability. Alkviated halosianes are commercially avatlable from a sumber of suppliers, such
as Millipove Sigma. Pscudohalogen substitution is accomplished via salt metathesis with

the appropriate atkyibalosilane:
Methods

The siticon-containing precursors provided hereln can he used for high-tenyerature
deposition of sifcop-contalmnyg filmg in both thermal and plasma evhanced ALD. In some
cmbodiments the methods iwvolve exposing the semiconductor substrate o a sthicome
comtaining precursor provided herein, exposing the semiconductor substrate to 8 reactant
(optionally activated in a plasnia), and reacting the silicon~-contaming precursor on the
surface of the semiconductor substrate with the reactant 1o form at least a portion of a desired
silicon-contabiung layer. The eotire deposition process {exposures of the substiate 1o the
reactant and to the silicon-containing precursor, and the reaction) can be performed at high
termperate of at least about 500 °C, such as of at loast about 330 °C, e g, about 350 - 700
C. In sonw embodiments, @t least one of the deposition steps is performed at high
temperature. The deposition can be perfonmed at a prossure of botween about 50 milltory ~
about 760 Torr, Preforably the doposition is performed at subsinospheric presswre, ¢.g., at

a3 pressare of betwern abowt 3 mTorr - 200 Torr,

When the reactiant is activated i a plasma, the plasma may be formed remotely

{otside the process chamber housing the sabstrate, and the plasnra-activated reactant may

~1d~
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be introduced to the process chamber. In other embodinents the plasma is & direct plasma

formed in a process gas confaining the reactant in the process chamber honsing the substrate.

Plasma may be formed, in some cmnbodinents, using single frequency high
frequency radio frequency (HF REF) plasma generation. In other embodiments that stilize
dual frequency plasma generation plasma is generated using both HE RF aad low frequeney
radio frequency (LF BF). Example low-freqaency RFE froquencies may inchude, but are not
fmited o, frequencies between 30 kHz and 700 kHz,  Bxanmple high-frequency RF
frequencies mayinclode, but are not Hmited to, fequencies between 1.8 Mz and 2,45 GHz,

In-some embodiments LY frequency is 430 KHz and high frequensgy 1s 13,36 MHz,

The stlicon-containing precursor and the reaciant can be introduced 18 any oxder, In
some cmbodiments, the silicon-containing procursor is iinfroduced Hirst into the process
charnber and is allowed to form a tayer (e ., adsorption-limited layer) on the surface of the
sabstrate, Next, non surface-bound precursor 1s removed from the process chamber (e.g., by
purging awd/or evacuation} and the sabstrate having a laver of silicon-conrtaining precursoy
on the surface is exposed to the reactant (where the reactant may be activated in a plasma).
The reaction may procced spontancously after introduction of the reactant or nay docwy
after my additional activation. Then the provess chamber may be purged andfor evacuated (o
remove the reaction byproducts andfor excess reactant, and the citire process may be

repeated as many times as acoessary to form a layer of desired thickness,

A process flow diagram for an exemplary method of depositing silicon oxide is
showsn m Figwre 4. The process starts in operation 401 by exposing the semiconductor
sathstrate to a silicon-contmining precursor provided heretn, The semiconductor substrate can
he exposed 0 any of the silicon-comtaimng precursors provided herein {including to
mixtures of silicon-comtaining precursors provided bergin), In some embodiments the
stlicon-contaiming  precursor 15 mureduced mie the process chamber housing the
semiconductor sabstrate na ouxture with 2 carrier gas {e.g., helrom, argon, N, ete. ), whore
the process chaniber is mokntained at a tomperature of at least abowt 300 °C, such as at loast
about 850 °C, such as about 500 800 °C, e.g., about 334 - 70U °C. The siicon-comiaining
precursor is alloweed to form a layer (e.g., an adsorption-timited laver) on the sweface of the
substrate. Next, in operation 403, the semiconducior substrate is exposed to an oxygen-
containing reactant, For example an oxygen-containing reactant {inchiding a single reactant

and mixtures of different reactants) may be inroduced into the process chamber housing the
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semiconductor substrate, optionally with a carvier gas.  Examples of oxygen-containing
reaciants include without Himitation Op, Os, H20, H20: and MNoO. Examples of carrier gases
molude withowt bmitation heliun, argon and Nao Next, in operation 4035, the silicon-
contalning precarsor reacts with the reactant on the surface of the semiconductor substrate
to form at east a portion of the silicon oxide taver, where the depositon {all of steps 401-
45} are performed at & temperatare of at keast about 300 *C. The reaction may be thermal
oo plasma-assisted. Next, i operation 407 steps 401-405 arc optionally repeated as many

tines as necessary untit a desired thickness of the silicon oxide layer is formed,

In some embodiments, the reaction is limited to the surface of the subsirate by
remsoving the non surfice-bound silicon-containing precursor andfor reactanyt from the
process chamber by purging andfor evaceation. One implementation is dhustrated by the
process tlow diagram shown in Figiee 5. The process starts in 301 by exposing the
semiconductor substrate to a silicon~containing precursor provided heretn, Next, i 5303, the
process chamber housing the semiconductor substrate is purged andior evacuated. The
purging andfor evacuation are performed to romove the non surface-bound sthcon-
condaining precursor. In somie embodiments the process chanber is purged with an tent
gas, such as argon, hebiomy, Ny, e, Next, i operation: 503, the senucondycter substrate is
exposed to an oxvgen-comtaining reactant and the siicon-containing precursor is allowed to
reaet with the oxygen-contaiing reactant on the surface of the substrate to form at least a
portion of sificon oxide. The reaction may be either thermal or plasma-assisted. Next, in
operation 507, the process chamnber is purged andfor evacuated. All steps S01-307 1o this
embodiment are conducted ata temperature of at feast about 306 °C. The deposition cvele
inchiding steps 301-307 may be repeated as many tmes as vccessary 1o provide silicon

axide of destred thickness.

In some embodiments a single sificon-contaning prevursor is used fiyr both thenmal
deposition and for plasma cubanced deposition. The precursor may serve for deposition of
fayers having the same or different compositions. In some embodiments thermal deposition
and plasma enhanced doposition are porformed sequentially on a single sobstrate. For
exampie, if the sebstrate initially contains an exposed surface that can be easily damaged by
plasma, | the deposition of a silicon-containing fayer may start therally 1n ap absence of
plasma. Exaraples of swfaces that can be easily damaged by plasma include but are not

fomited to 51, a-81, a~C, a polymer composite material such as those used for lithopraphy, or
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metal or metalioid lavers including but not limited to Ga, In, W, Mo, Cu, Ni, Co, Sb, Sn,
and Ag, or binary or ternary materiale mcluding but not imited to MoBz, WSz, MoSes,
Whez, MoTe:, InGa8, InGaAs, and InGaSh. Nexi, after the susface of the substraie is coated
with the less-delicate siticon-contabming material, plasma-enhanced deposition of the same
siheon-containing material may follow. In ather embodiments the process starts by plasma-
enhanced deposition and follows by a thermal deposition in an absence of plasma. The
depaositions may be performed using sthcon-containing precwrsors and deposition methods

described herein.

An excmplary process flow diagram for deposition of silicon oxide is shown i
Figure ©. In operation 604 a semiconductor substrate is provided to a process chamber. For
example, a senunconductor substrate having a laver of o plasma~-sensitive material on it
surface may be provided fo a process chamber of a PEALD apparatus. Next, in operation
G413, a portion of the silicon oxade layer is deposited onto the substrate by ALD i an absence
of plasma at a temperature of at least about 500 °C. For example, the stlicon oxide in this
thermal step can be deposited divectly onte the plasmassensitive matertal to provent any
plasma damage o that laver. The deposition may be conducted, for example, using any of
the silicon-contatning precursors provided heretn. Next, in operation 603 a sccond portion
of the silicon oxide laver is deposited onto the substrate in plasma-assisted deposition using
the same sthicon-contaimng precursor that was wsed in thermal deposition 603, In some
embodiments plasma enhanced deposition 603 is performed in the same progess chamber
as thermal deposition 603, In other embodiments the substrate is transferred from a thermal
deposition station to a plasma enhanced deposition station within one modale housing both
stavions without sxposing the semicondector substrate to ambiont atwosphere. In some
embodiments plasma assisted deposition is performed at 3 temperature of at Ioeast about 500
°(. In somae embodiments depositions 603 snd 6038 are thormal and plasma cshanced ALD
operations that mvolve veactions of the silicon~-containing precursor with an oxygen-
containing reactmat on the siwrface of the substrate as deseribed in Figures 4 and 5. In some
cmbodimonts the oxygen-containing reactants used dwing thermal and plasms enhanced
depositions are different. Tn one sxample, the oxypen-condmning reacta used in thermal
deposition at high temperature ¥s water, whereas the oxygen-contaiming reactant osed in

plasma enhanced deposition at high temperature is @ suixtre of O and NxO.



WO 2021/158633 PCT/US2021/016376

While the micthods weére sHlustrated wsing stheon oxide deposition as an cxavaple, it
is anderstood that other sihcon-containing materdals can be similarly deposited af high
temperature using sibicon-containing precarsors describod herein, by wsing an appropriate

regctanmt. For example sihcon witride can be deposited by using a mitrogen-containing

Lo

reactant {e.g., NHs, hvdmzine, NoJ, for a hugh temperature surface reaction with the silicon-
containing precurser, where the reaction may be thermal or plasma-assisted, Silicon
exyiitride may be deposited by using a process gas copfaming an oxygen-containing and 8
nitrogen-containing reactant for g high tomperature surface reaction with a silicon-

containing precursor.
10 dpparanes

The deposttion methods deserthed herein can be caried owt in a wariety of
apparatuses. A suitable apparatus inclades a processing chamober having one or more
fulets for ingroduction of reactants, a substrate holder in the process chamber contigwred
to hold the subsirate i place during deposition, and, optionally, a plasma generating

15 mechanismeonfigured for gonerating a plasma in a process gas. When high temperatore
depositton is performed, the apparatus firther includes a hemter configured for heating
the provess chamber to a desired temperatwre. The apparatus may wolude a controller
having program nstructions for causing any of the method steps desoribed heretin. The
deposition methods deseribed berein may be carried out i comresponding ALD

20 apparatuses available from Lam Research Corp. of Fremont, CA, such as Striker™ twals.
Thermal deposition can be carried out in an apparates with or withoat plasma generating
micchamism. Plasma enhapced deposition is carried out in an apparatus haviag a plasma
generating mechanisny, whicre the plasmia generating mechanism may be configured to
generate plasma remotely {outside the process chamber housing the substrate) or

25 directly (inside the provess chamber housing the subsirate). In some cmbodiments the
apparates inchudes at loast two process chambers or at least two stations within one
process chamber, where one ¥ configured for thermal deposition, and the other is

configured for plasma enhanced deposition.

Iy some embodinents the apparatus ncludes a controller having program

3 nstruetions that pchude fnstroctions forr causing an introduction of a siicon-containing
30 instruetions that mchede fnstractions for: causing an introduction of a silicon-contaimng
precursor to the processing chamber, wherein the procuwrsor is any of the precursors

deseribed herein; and causing a reaction between the silicon~containing precursor and &
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reactant o form a fayer of siicon~containing material on a substraic at a temperanwe of at
least abowut 300 °C, where the reaction is configured to be conducted in 8 surface himited
manner, For example, program instructions may mchude instractions for causing purging
after itroduction of each of the stheon-containing precursor and a reactant, and instroctions
for causing repeated sequential introductions of silicon~containing precursor and a reactant
to the proccssing chamber to deposit a layer of desived thickuness. In some embodiments the
instructions for causing oxposwe of the subsirate fo an oxygen-costsiniug reactant,
optionally in & plasma, are provided. Generally, the controller may include progeam

instractions for causing any of the methods described herein.

An example of & deposition apparatos suitable for depositing silicon-containing
fibmg using provided methods 1s shown in Figere 7. Figure 7 schematically shows an
citbodiment of a provess station 708 that may be used to deposit material esing atomic laver
depaosition (ALD) which may be thermal or plasma enhanced. For simplicity, the process
station 7EH) is depicted as g standalone process station having a process chamber body 702
for mamtainivg a low-pressure eavironment. However, & will be appreciated that a plurality
of process stations 700 may he included in a conunon process tood envivonment. Further, it
will be sppreciated that, in sotme cmbodinments, ong v msore hardware parameters of process
station 700, including those discussed in desail below, may be adjusted programmatically

by oue or more conputer controllers,

Process stagon 708 fhudly conmmuneates with reactant delivery svstem 701 for
delivering process gases to a distribution showerbead 706, Reactant delivery system 7Tih
includes a8 mixing vessel 704 for blending andfor conditioning process gases for delivery to
showerhend 706, One or more mixing vessel inlet valvey 720 may control infroduction o
process gases to mixing vessel 704, Simitarly, a showerhead inlet valve 705 may control

mtroduction of process gasses to the showerhead 706

Same silicon-contaning precursors may be stoved m solid or hpud form poor to
vaporization aud subseguent defivery to the process station. For example, the cmbodiment
of Figure 7 includes a vaporization point 703 for vaporizing sofid reactant to be supplicd to
mixing vessel 764 In some embodiments, vaporization point 703 may be a heated vaporizer.
in some cmbodiments a flow of a et gas 18 passed over the heated solid silicon-
containing precursor, or bubbled through the heated Hauid silicon-containing precursor,

under subatmospheric pressure, and carries the precursor vapor to the process chamber. The
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precursor vapor produced from such vaporizers may condense in downstream delivery
piping.  Exposare of incompatible gases to the condensed reactant way oreate small
particles.  These small particles may clog piping, impede valve oparation, contaminate
substrates, ete.  Some approaches to addressing these issues invelve sweeping andfor
evacuating the delivery piping to remove residunl reactant. However, sweeping the delivery
piping may merease process station cvele time, degrading process station throughput. Thus,
in some cotbodiments, delivery piping downstream of vaporization point 743 may be heat
traced. In some exarples, pyxing vessel 704 may also be beat traced, In one non-linuting
example, piping downstréam of vaporization point 703 has an increasing temperature profile

extending from approxinately 1007C to approximately 200°C af nuixing vessel 704,

gases toward substrate 7120 In the

b

Showerhead 706 distribates process
eitbodiment shown in Figwre 7, substrate T12 s located beneath showerhead 706, and s
shown resting on a pedestal 708, 1o will be appreciated that showerhead 706 nray have any
suitable shape, and may have any suitable number and arrangement of ports for distributing
processes gases to.-substrate 712, While not explhicitly shown, in some embodiments the
showerhead 706 iy a dual plenum showerhead that includes at least two types of condhaits,
where the first type of vonduit is dedicated to delivery of silicon-containing precursor vapor,
and the second type of conduit is dedicated to delivery of the reactant. In these embodiments
the stlicon-confatmng precursor and the reactant ave nol allowed (o nux in the conduits prioy
to-entry to the process chamber, and do not shave the conduits if delivered to the chamber

consecutvely,

in some emboediments, a nierovolume 707 is located benecath showerhead 706,
Performing an ALD process m a microvoheme rather than in the entire volume of a process
station may reduce reactant exposure and swoep thues, may reduce times for gltering process
conditions {c.42., presswre, tomperature, efc), mav limit an exposure of process station
robotics 1o process gases, eic.  Example microvolume sizes include, but are not Hmited o,
volumes between {h1 Hter and 2 fiters. This mucrovohame also impacts productivity
throaghput. While deposition rate per ovele drops, the ovele time also simultancousty
reduces. In cortain cases, the offect of the latter 15 dramatic onough to improve overall

throughput of the modute for a given target thickness of film,

In some embodinments, pedestal TUR may be raised or lowered to expose substrate

712 to muerovohune 707 andior 1o vary a volume of nicrovohune 707, For example, n &
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substrate transfer phase, pedestal 708 may be towered to allow substrate 712 to be loaded
onto pedestal 708, During a deposttion process phase, pedestal 70K may be raised to position
substrate 712 within muierovolume 707, {n some embodiments, microvolume 707 may

completely enclose substrate 712 as well as a portion of pedestal 708 o create 8 vegion of

Lo

bigh flow impedance during a deposition process.

Optionally, pedestal 708 may be lowered andfor vaised during porfions the
deposition process to modelate process presswre, reactant concentration, cte., within
nmicrovohane 707, In one scenarte where process chamber body 702 remainy at a base
pressure daring the deposition process, lowering pedestal 708 may allow microvolume 787

10 to be evacaated. Example ratios of aucrovolume to process chamber volame include, bat
are not Bimited to, volume vatios between 1700 and 116, [t wall be appreciated that, in
some cmbodiments, pedestal height may be adjested prograsumatically by 2 suitable

computer coptroller.

While the oxample microvolume variations described herein vefer to a height-

15 adjustable pedestal, it will be appreciated tha, in some embodiments, a position of
showerhend 706 may be adpusted relative 1o pedestal 708 o vary a vohane of nucrovolume

707, Fwther, it will be appreciated that a8 vertical position of pedestal 708 andfor
showethead 700 mayv be varied by any suitable mechanism watlun the scope of the present
disclosure. In some cmbodiments, pedestal 708 may include 3 rotational axis fiw rotating

20 an onentation of substrate 712, 1t will be appreciated that, in some embodiments, one or
more of these example adjustments may be performed programmatically by one or more

suitable computer controliers.

Returning to the embodiment shown in Figure 7, showerhead 706 and pedestal 708

clectrically communicate with RF power supply 714 and matching setwork 716 for

3% poweting a plasma. In other embodiments apparatuses without a plasma generator are used
for depostting  stlicon~contaiming fibms asing provided wmothods thesmally. In some
embodiments, the plasina encrgy may be controlied by constrolling one or mare of a process
station pressure, a gas concentration, a radwo frequency (RFY soutce power, an RF souree
frequency, and 2 plasma power pulse thing,  For example, RF power supply 714 and

30 matching network 716 may be operated at any suttable power to form a plasma having 8
desired composttion of radical spectes. Likewise, RF power supply 714 may provide RE

power of any suitable frequency.  In some embodinments, RF power supply 714 may be
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configured to control high- and low-frequency RF power sources independently of one
another.  Example low-frequency R¥ frequencies may incluede, but are not limited to,
frequeneies between SO kHz and 700 kHz. Example ligh-frequency RF frequencics may
inclade, but ave not limited Ho, frequencies betweenr 1.8 MHz and 2.45 GHz. It will be
appreciated that any suitable parameters may be modulated diseretely or continuously o
provide plasma energy- for the surtace reactions. In one nop-limiting example, the plasaw
power may be intermittently pulsed to reduce 1on bombardment with the substrate surface

refative to continuousty powered plasmas.

In some embodiments, the plasma may be monitored izttt by one or more plasma
momtors. I one scenario, plasma power may be monitored by one or more voltage, current
sensors (e.g, VI probes). o another scenario, plasma density andior process gas
concentration may be measured by one or more optical omission spectroscopy sensors
{OES). In some embodiments, one ov more plasma parameters may be progravumatically
adjusted based on yocasurements frove such in-situ plasiva monitors, For example, an OES
sensor may bo ased i a feedback loop for providing programmatic control of plasma pawer,
It will be appreciated that, i some embodiments, other nonitors may be used to momtor
the plasina and other process characteristios. Sueh monitors may tnclude, but are not Hioited

to, infraved (IR} monitors, acoustic monitors, and pressure transdacers.

In some ombodinments, the plasma may be covrolled via imputioutpul contrel
(100) sequencing nstructions.  In one example, the isstructions for sctiing plasoa
conditions for a plasma process phase may be included in a corresponding plasma activation
recipe phase of a deposition process recipe. In some cases, proccss rocipe phases may be
sequentially arvanged, so that all instructions for a deposition process phase are executed
concarrently with that process phase. In some embodiments, instructions for sefling one or
more plasia parameters may be included i a recipe phase preceding a plasma process
phase. For exavaple, a first recipe phase may include instructions for setting a flow rate of
an nert andfor a reactant gag, istractions for setling a plasma generator to a power set point,
and time defay nstructions for the fivst recipe phase. A second, subsequent recipe phase
niay inclade stractions for caabling the plasma gencrator and time delay instructions for
the second recipe phase. A third recipe phase may include nstructions for disabling the

plasma generator snd time delay instroctions for the third recipe phase. It wall be
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appreciated that these recipe phases may be further subdivided andior terated in any swatable

way within the scope of the present disclosare.

Pedestal 708 is typieally temperatre controlled via heater 710 Further, in some
cmbodiments, pressure control for deposition process station T may be provided by
butterfly valve 718, As shown in the smbodiment of Figure 7, batterfly valve 718 tluottles
g vacwuan provided by a downstremn vacuum panip (not shown),  However, in some
embodiments, pressure control of process station T may also be adjusted by varving a

flow rate of one or more gases miroduced to process station 700.

Figure & shows a schomatic view of an embodinment of a multi-station processing
tool 800 with an wbound load lock 802 and an outhound load lock 804, either or both of
which may comprise a remote plasma sowrce. Such tool may be used for processing the
substrates using the methods provided berebi A robot 806, at atmospheric prossure, is
configured to move wafers from a cassette loaded through 8 pod 808 into inbound load lock
802 via an atmospheric port 310, A wafer is placed by the robot 806 on 3 pedestal 812 m
the inbound load lock 802, the atmospheric port 810 15 closed, and the foad logk is pumped
down. Where the inbound load lock 802 comprises a remote plasma source, the wafer may
be exposed to a remole plasma treatment i the load lock prior to being itroduced nto a
processing chamber 814, Fuvther, the water alse may be heated m the mbound toad lock 02
as well, for example, to romove rooisture and adsorbed gases. Next, a chamber fransport
port 816 o processing chamber 814 is opeved, and avother robot (not shown) places the
water into the reactor on a pedestal of 2 first station shown i the reactor for processing.
While the embodiment depicted in Fizure & includes load focks, i will be appreciated that,

i some embodiments, divect entry of 3 wafer into 3 process station may be provided.

The depicted processing chamber 814 comprises four process stations, numbered
from 1 to 4 in the cmbodiment shonwn in Figure 8. Each station has a heated pedestal (shown
at 818 for station 1), and gas line indets. 1will be appreciated that in somie embodinients,
cach process station may have different o saltiple purposes. While the depicted provessing
chamber 814 comprises fouwr stations, it will be undeorstood that 3 proccssing chamber
according to the present disclosure may have any suitable number of stations. For example,
n some embodiments, a processing chamber may have five ov more stations, while in other

embodiments a processing chamber may have three or fewer stations.
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Figure ¥ also depicts an cmbodimient of a wafer bandling system 8% for
transferring wafers within processing chamber 14, In somie embodiments, wafer bandling
system 890 may transfer wators between various process stations andfor between a process
station and a load Yock. It will be appreciated that any seitable wafer handling systemn may
be emploved. Non-limiting examples inchide wafer carousels and wafer handhing robots.
Figare B alyo depicts an embodiment of a system controllor 830 employed to control process
conditions and hardwatre states of process tonf R0, System controlior 850 may include one
or more memory dovices 856, one or more mass storage devices 854, and one or more
processors 852, Provessor 832 may mnclude a CPU or computer, anglop andior digital

input/ouiputl connections, stepper motor coturoller boards, ete.

In some embodiments, systern controller B30 controls all of the activities of
procass tool 804 System controller 830 oxecuies system controd sofbware 838 stored in mass
storage device 854, loaded into memory device 356, and executed on processor 832, Systam
control software 858 may inclade instroctions for controlling the tnung, mixture of gases,
chamber andfor station pressure, chamber andfor station tempueratare, purge conditions and
timing, waler temperature, RF power levels, RF frequencies, substrate, pedestal, chuck
andfor sasceptor position, and other paranteters of a particular process perfinrned by process
tool 800, System control softwvare 858 may be configured in wyy sultable way. For example,
varions process tool component sebroutines or coutrol objects may be writien to control
operation of the process tool components neoessary fo carry oul various progess ool
processes i accordance with the disclosed methads. Systom control software 838 may be

coded in any suitable computer readable programeming langeage.

In some embodiments, system control software 838 may modude mputfoutput
caontrol (TOC) sequencing instractions for controlling the various parameters desertbed
above, For example, cach phase of an ALD procoss may include one of more insfructions
for execution by system controfler 830, The instructions for sctting process conditions for
an ALD process phase may be inchided 8 corresponding ALD recipe phase. In some
embodiments, the ALD recipe phases may be sequentially arvanged, so that all instnwtons

for a ALD process phase are exceated concatrently with that process phase.

Other computer software andfor programs stored on masg storage device 854
andfor memory device 836 gssociated with system controfler 830 may be employed in some

embodiments, Examples of programs or sections of programs for this purpose include a
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substrate positioning program, a process gas control program, a pressure control program, 2

heater control program, and a plasma contrel progrant
R - p=g

A substrate positioning program may include progrmn code for process tool
componenis that are ased o load the subsirate onto pedestal 818 and to conirol the spacing

between the substrate and other parts of process tool SR

A process gas control program may inchade code for controlling gas compositinn
and flow rates and optionally for flowing gas info one or more process stations prior o
deposition. in order to stabilize the pressure in the process station. The process gas control
program may mchade code for controlling gag composition and flow rates within any of the
disclosed ranges. A pressure control program may include code for controlling the prossure
i the process station by regulating, for example, a throttle valve in the exhaust systent of
the process station, a gas flow into the process station, cte. The presswre control program
may inchide code for maintaiming the pressore in the process station within any of the

disclosed prossuwe ranges.

&

A heater control program may inchude code for controlling the current to a heating
unit that is used to heat the substrate. Alternatively, the heater control programy may control
delivery of @ heat tronsfor gas (such as helium) to the substrate. The heater control program
may include nstructions (o maintain the temperature of the substrate within aoy of the

disclosed vanges,

A plasma control program may include code for setting RF power levels and
froquencies applied o the process clectrodes in one o more process stations, for example
using any of the RF powsr levels disclosed herein. The plasma control progran: may also

inchyde code for controlling the duration of each plasma exposure.

&

in somwe embodunents, there may be a user fnterface associated with system
controfler 836, The user interface may include a display sereen, graphical software displays
of the apparatus and/or process conditions, and oser input devices sueh as pointing devices,

kevboards. touch screens, mictophones, etc.

i some embodments, parsmctors adjusted by svstem congroller 830 may relate fo
process conlitions. Non-linuting examples inclode process gas composition and flow rates,

temperature, pressure; plasma conditions (such as RF power levels, frequency, and exposure
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tinie}, ete. These parameters may be provided to the user in the form of a recipe, which may

be entered utthizing the user mierface.

Signals for monitoring the process may be provided by analog and/or digital input
connections of system controller €30 from varioas process tool sensors. The signaly for
controlling the process may be ostpul on the analog and digital outpe connectios of
process food 800, Non-linuting examples of process fool sensors that may be menitored
fnchsde mags flow controtlers, presswre sensors (such sy manometers), thermocouples, et
Appropriately programmed feedback and control afgorithms may be used with data from

these sensors to maintain process conditions.

The controller may include program instructions for causing any of the steps of the
method described herein. In some cmbodiments program instructions inclade wstructions
for causing deposition of a portion of a silicon-containing laver in an absence of plasma in
one station of a reactor; transferring the substrate to a second station within the reactor and
depositing a second portion of the silicon~-containing laver in a plasma-enhanced deposttion,
without exposing the substrate 1o atmospheric moisture and oxygen. In other embodinients
program mstructions for cousing plasma-free deposition followed by plasma enbanced

deposition n one station of an apparatus are provided.

Any suitable chamber nwy be ased to implement the disclosed ewbodiments,
Example deposition appavatuses inchude, but are not limited to, apparatus from the Striker™
product fanuly, available from Lam Rescarch Corp., of Fromont, Califormia, or any of a
varicty of other conunervially available processing systams, Two or nuwe of the stations
may perform the same functions,  Simtlarly, two or more stations may perform differem
functions. Each station can be designediconfigured to perform a particnlar fonctioninethod

as desired,

Figare 9 15 3 block diagram of a processing sysiem setable for condacting thin
film deposition processes i accordance with, cortain embodimonts.  The systom 900
inchudes a transfer module 903, The transfer module 903 provides a clean, pressurized
environment o mivipuze risk of comtamnination of subsivates being processed as they are
moved between various reactor modides, Mounted o the transfer module 903 are two
mwulii-station reactors 909 and 914, cach capable of performing atomic faver deposition

{ALD) according to certain ambodiments.  Reactors 909 and 910 nway tnchede muluple
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stations 911, 913, 915, and 917 that mmy sequentially or non-sequentially perform
operations i accordance with disclosed embodiments. The stations may include a heated

pedestal or substrate support, ong or more gas ndets or showerhead or dispersion plate.

Also mounted on the transfor module 903 may be one or more single or muki-
station produles 807 capable of performing plasma or chemical (non-plasma) pre-cleans, or
any other processes deseribed inrelation to the disclosed methods. The module B07 mav in
some cases be wsed for vanoas treatprents to, for cxample, prepare a substrate for a
deposition process. The swodule 207 may alse be designed/configured to perform various
ather processes such as etching or polishing. The system 200 also includes one or more
water source modules 981, where wafers are stored before and afler processing.  An
atmospheric robot (not shown) in the stmospheric trangfer chamber 919 may first reraove
wafers from the source modudes 901 to loadlocks 921, A water transfer deviee {penerally a
robot atm wit) o the ransfer module %03 moves the wafers from loadlocks 921 to and

among the modules mounted on the transfer module 903,

fn various embodiments, a systam controller 929 i employed to control process
eondiions during deposition. The controller 929 will typically include one or more memory
devices and one or more processors. A provessor may wclude a CPU or computer, analog

andfor cigital fuputioutput commections, stepper motor controllor boards, ete.

The: controlier 929 may contvol all of the activities of the deposition appuratus.
The system controlier 929 exccutes system control software, including sets of instractions
for omutrolling the timing, mixture of gases, chamber pressure, chamber temperature, wafer
temperature, radio frequency (RF} power levels, wafer chuek or pedestal posttion, and other
parameters of a particudar process,  Other compuder programs stored on memory devices

associated with the controller 929 may be employed in some embodiments,

Typically there will be a user interface associated with the controller 929 The
user mterface may include a display soreen, graphical software displays of the apparatus
andfor process conditions, and user fnput devices such as pointing devices, keyboards, touch

sereens, nucrophones, ote.

System control logic may be configured in any suitable way. In general, the ogic
can be designed or configured in hardware andior software, The instructions for controlling
the drive circutiey may be bard coded or provided as software. The instructions nay be
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provided by "programmung.” Such programming is understood to include logic of any form,
mchiding bard coded logic & digital signal processors, application-specific infegrated
circutts, and other devices which have specific algovithws implomented as hardware.

Programnung i also understood to inclade software o firmware istractions that may be

Lo

executed on f general purpose processor. System control sofiware may be coded i any

suitable computer readable programming language.

The computer program code for controlling the germanium-containing reducing

agent pudses, hydrogen flow, and tungsten-containing precurser pulses, and other processes

i & process sequence can be written in any conventional computer readable programming

10 language: for example, assembly fanguage, C, O+, Pascal, Fortran, or others. Compiled
objeot vode or seript 35 executed by the processor to perform the tasks identified i the

program. Also as indicated, the program code may be hard coded.

The controller parameters velate o process conditions, such as, for example,

process gas composition and flove rates, fomperatare, prossure, cooling pas prossure,

15 substrate temperatore, and chamber wall temperature. These patumicters are provided to the
user 1n the form of a recipe, and may be entored utilizing the user interface. Signals for
maomioring the process owy be provided by amalog andfor digitad fuput conmections of the
systent controfler 929, The stgnals for controlling the process are output on the analog and

digital cutput conncetions of the deposition apparatus 9041,

20 The system software may be designed or configured 1 many different ways. For
exanpie, various chymber component subroutines or control objosts may be wiitten to
control operation of the chamber components necessary t carry out the deposiion processes
{and other progesses, n some cases) i accordance with the disclosed embodiments.
Exmoples of programs or sections of programs for this purpose include substrate positioning

38 code, process gas contral code, pressure control code, and heater control code.

{n some implomentations, & controller 929 is part of a systom, which may be part
of the above-described exmnples. Such systorns can include senticonductor processing
equipment, including & processing tool or tools, chamber or chambers, a platfonm oy
platforms for processing, andfor specific processing components {a wafer pedestal, a gas

30 flow systom, ote. ). These systeras may be integrated with clectronics for controlling their

operation before, during, and after processing of a semiconductor wafer or substrate. The
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clectronics may be referred o as the “conwroller,” which may control varions components

or subpatts of the system or systems.  The controller Y29, depending on the processing

requirenients andior the type of systom, may be programmed o control any of the processes
disclosed herein, including the delivery of processing gases, temperature seftings (e,
beating andfor conling), pressure setiings, vacuun sctiings, power setiings, radio frequency
(RF) generator settings in some systems, RE matching circell settings, froquency sottings,
flow rate settings, fluid delivery settings, positional and operation sottings, wafer transfors
mto and out of & tool and other transter tools andfor foad locks connected to or ierfaced

with a specific system.

Broadhy speaking, the controller may be defined as clectronics having various
mtegrated  ciraats, logie, meptory, andfor software that recetve instructions, issue
mnstnuctions, control operation, snable cleaning oporations, coable endpoint measurements,
and the like. The integrated cirauits may inclade chips i the form of firmware that store
program instructions, digital signal processors (DSPs), chips defined as application specific
mtegrated civouits {ASHS), andior onc oy more microprocessors, of muorocontrollers that
execute program mstructions (e, software). Program instructions may be instructions
communivaied to the controlier in the fivm of various individual scttings {or proguun files),
defining operational paramcters for carrving out a particudar process on or for a
senmeonductor wafer or o a systermn. The operational parameters mwy, I some
embodiments, be part of a recipe defined by process engineurs to accomplish one or more
processing steps duning the fabrication of one or more lavers, yoatenials, metals, oxides,

silicon, silicon dioxide, surfaces, cirouits, andfor dies of a wafer

The controller, in some implementations, may be a part of or coupled to a computer
that s integrated with, coupled to the system, otherwise nétworked to the svstem, or a
combination thereof. For example, the controller may be in the “cloud™ or all or a partof a
fab host compuier system, which can allow for remote access of the water processing, The
computer may enable remote access 1o the system (O monitor curvent progress of fabrication
operations, exanine alustory of past fabrication operations, exanune rends or performance
netrics from o plorality of fabrication operations, t¢ chenge parameters of current
Processing, 1o st processing steps to follow a current processing, oF 10 SIart.a BOW Proccss.
In some examples, a romote computer (0.g. a server) can provide procsss rocipes 1 8 systom

over @ network, whuch may inchide a local network or the Internet. The romote computer
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may include a usér interface that cnables entry or progravonung of parmmeters andfor
setiings, which are then communicated to the system from e remote computer. In some
examples, the controllor receives instructions in the form of data, which specify parsmeters
for sach of the processing steps o be performed during one or more operations. it showdd
be understood that the paramcters may be speeific to the type of process to be performed
and the type of sool that the controller is contipured to interface with or control. Thaos as
described above, the controller miay be distributed, such as by comprising one or mare
diserete controllers that ave networked together and working towards a conunon purpose,
such as the processes and controls deseribed berein. An example ofa distrtbuted controller
for such purposes would be one o more integrated circuits on a chamber In cotmanication
with one or more infegrated arcuts locatod remotely {such as ot the platform level or as pant

of a ramote computer) that combine to control a process on the chamber.

Without himitation, example systems may include a plasma eich chamber or
rsodule, o deposition chamber or module, a spin-tinse chamber or module, & metal plating
chamber or modale, a clean chamber or module, a bevel edge etch chamber or modude, a
physical vapor deposition (PVD) chamber or module, a chenucal vapor deposition (CVID)
chanber or module, an atonic layer deposition (ALD) chamber or wodule, an atonuc layer
eteh (ALE) chamber or modude, an jon implantation chamber or modude, a wack chamber
or wodude, and any other semiconductor processing systems that may be assoerated or used

in the fubrication andfor manufacturing of semiconductor wafers.

As noted above, depending on the process step or steps to be performed by the
tool, the controller might communicate with one or more of other tool circuits or modules,
other tool components, cluster tools, other tood interfaces, adjacent tools, neighboring tools,
tools tocated throughowt a factory, a main computer, another controller, or tools used in
material transpott that bring containers of wafers to and from tool locations and/or load ports

in 2 semicondactor manufachuring factory.

FURTHER IMPLEMENTATIONS

The apparatas and processes deseribed herein may be used in conjunction with
lithographic patterming tools or processes, for example, for the fabvication or manufacture
of senvconductor devices, displays, LEDs, photovoltaie pancls, and the hke. Typically,

though not necessarily, such apparatus and processes will be used or conducted tgether n
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a conunon fabrication facility. Lithographic patterning of a fibm typically comprises some

or all of the following steps, each step enabled with a number of possible tools: (1)

application of photoresist on a work picee, Lo, a substrate, using a spin-on or spray-on tool;
(2} curing of photoresist ushig a hot plate or furnace or UV curing tool; (3) exposing the
phatoresist to visible or UV or x-ray light with a tool such as s wafer stepper; (4) developing
the resist so as to selectively remove resist and therchy pattern it asing a tood such as 3 wat
beneh; (8) transferring the resist pattern into an underlying film or work picee by using a
dry or plasma-assisted ctching tool; and {6) removing the resist using a tood such as an RF

o microwave plasma resist stripper.
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CLAIMS

What ix olaimed ic

1. A method of forming asilicon-contatning layer on g semiconductor substrate, the
method comprising:
{a} exposing the semiconductor substrte to o sibicon-containing precursor ina
process chamber, wherein the silicon~containing precursor is g compound that bas:
at least one S-St bond;
at feast one $1-X bond, wherein X is selected from the group consisting
of a hatogen, triflate, tosyiate, ON, Ny, and NRiRe, wherein Ry and Rs are
independently selected from the group consisting of H, and an alky!, wherein Ry and
Rz are cither hoked to form a evelie ning structuwre or not linked: and
at least ong Si-R bond, wherein R s selocted from the group consisting
of H, and an alkyl
M exposing the sensiconductor substrate to a reactant in the process
chamber; and
{0y reacting the silicon~containing precursor with the reactant on a surfaee
of the semiconductor substrate to form at least a portion of the silicon-containing
laver, wherein operations (a} ~ (o) are performed at a temperate of at least about 300

°C

2 The method of claimt 1, wherein the reactant is an oxygen-containing reactant
and whevein {¢) comprises reacting the silicon-containng precugsor with the oxygen-

contatning reactant in an absence of plasma to form a silicon oxide fayer.

3 The method of claim 1, forther comprising purging the process chamber
between exposures of the seniconductor substrate to the silicon~containing precursor

andd the reactant.

4. The method of claim 1, wherein operations (a) — () are porformed ata

ternperature of at least about about 330 °C.
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5 The method of ¢lainy 1, wherein the silicon-containing precursor is selected
from the group consisting off

R R
R-Si-Si-X

RR

R g R . wherein cach R s the same or different and is independently
ted

selected from the group consisting of H, and C1-C3 alkyl.
5. The method of claim 1, wherein the silicon-vontaining precursor is selected
from the group consisting ofr 1-chlorodisiiane, -dimethylaminodisitane, 1-

dicthvdaminotrisifang, 1-bromotetrasilane, and 1,2-bis{diisopropyiamine)disilane,

7. The method of claim 1, wherein R i5 an alkyl, and whersin the silicon-

contaming precursor does not inclade 3i-H bonds,

& The method of elabm 1, further comprising repeating operations {ak-{g) wndl

the silicon-contalning laver reaches a target thickness.

9, The mothod of claim 1, wherein the mothod comprises depostiing a first
portion of the silicon-containing laver in @ absenve of plasma and & sceond portion of
the siicon-containing layer using ¢ plasma-gssisted reaction while using the sanme

siicon-containing precursor fiw both thermal and plasma-assisted deposition.

10, A method of forming a siticon-contaiiing laver on'a sepdeonductor substrate,
the method comprising:
fa} exposing the semiconductor substrate to a sthicon-containing precursor in a

process chanther, wherein the sihcow-containing precursor is 8 compound that has:
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at feast one silicon atom that forms bonds with at least two nitrogen

atoms, wherein the at teast two nitrogen atoms are Haked to form a evelic ring;

() cxposing the senuconductor substrate o a reactant 1 the process
chanther; and

foy  reacting the sthicon-containing precursor with the reactant on a surface
of the semiconductor substrate to form at least a portion of the silicon-containing
layer, wherein operations {a} — (¢} are porformed at @ tenwperature of at least about 300
.

[+

11, The method of claim 10, wherein the silicon-containing precursor is a

compound sclected from the group consisting of:

[N
L’x *‘éi: A
N~ N
Nt

CONR
N~ -
R/ S,I\N

RIN R

R
erSi\N’
N2
R

R
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wherein each R is the same or ditferent and is idependently sclected from the group
consisting of H, and alkyl, and wherein each Ry is the same or different and 15 an
alkyl

12, The method of claim 10, wherein the reactant is an oxygen-containing reactant
and whorein {v) comprises reacting the sihioon-containing precarsor with the oxygen-

containing reactant i an abscnce of plasma to form a sibicon oxide layer,

13 The method of claini 16, further comprising purging the process chamber
between exposures of the semiconductor subsirate to the silicon-containing precursor

and the reactant.

14, The method of claim 10, wherein operations (8) ~ (¢} are performed at a

emperature of at least about greater than about 330 °CL

15 The method of cham 10, fiwther comprising repeating operations {a)-{c) wntd

the sificon-containing laver reaches o target thickness,

16, The method of clanm 10, wherein the method comprises depositing a first
portion of the silicon-containing laver in an absence of plasma and 1 second portion of
the silicon-contaimng layver using & plasma-asaisted reaction while using the same

silfcon-comtainng preowsor for both thermal and plasma-assisted deposition.

17, Amethod of forming a silicon-containing laver on a semiconductor substeate,
the method conyprising:

{3} exposing the semiconducior substrate to a silicon-containing precursor in &
process chamtber, whereiy the stlicon-contatrung precursor is @ compound that has:

at least one mitrogen atom that forms bonds with at least two silicon

atoms:

D) exposing the semicondactor subsiraie 1o a roactant in the process
chamber; and

{¢}  reacting the sihicon-containing precursor with the reactant on a surface

of the semiconductor substrate to form at least a portion of the silicon-containing
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tayer, wherein operations {a} - {¢) are performed at a temperature of af least about 340

“C.

18. The method of claim 17, wherein the silicon-containing precursor is:
Ry
N,

Roaisic?

R’
R R

wherein each R is the same or different and 15 independently selected from the group
consisting of H, and alkyl, and wherein cach R is independently selected from the
group consisting of H, alkyvi, and SR ™:, wherein each R® is independently selected

from the group consisting of H, and an alkyl.
8. The method of claim 17, wherain the silicon-containing precursor is:

RR R
3
N
Rosi iR
R R

20. The method of claim 17, wherein the silicon-containing precursor is selected
from the group consisting of wis(irimcethylsilyl)amine, trisilylamine,

wopropyi{disityhamine, ethyl-bis(trimethylsityl)amine, disilythydrazine.

210 The method of claim 17, wherein the reactant is an oxygen-containing reactant
and wherein (¢) comprises reacting the siicon-comtainimg precwwsor with the oxygen-

contaning reactant in an absence of plasma to form a silicon oxide layer,

22 The mucthod of claum 17, further comprising purging the process chamber
between exposures of the semiconductor substrate 1o the sthicon-cmstaming precursor

and the reactant.

23 Themethod of claim 17, wherein operations (a) -~ {¢) are performed at a

temperature of at least abowt greater than about 550 °C.



WO 2021/158633 PCT/US2021/016376

24, Themethod of clainy 17, further chmprising repeating operations {a}-(¢) wntil

the silicon-containing layer reaches a target thickness.

2% Thewethod of claim 17, wherein the method comprises depositing  fivst
portion of the siicon-contatming layer in an absence of plasma and a second portion of
the silicon-containing layer using a plasma-assisted reaction while using the same

silicon~comntainmy precwrsor for both thormal and plasma-assisted deposition.

26 A methed of forming a silicon-containing layver on a semiconductor substrate,
the method comprising:

{a) exposing the samiconductor substrate to a silicon-containing precursor in &
process chamber, wherein the silicon-contaiming precursor is a compound that has:

at least one siHcon atom that fores a bond with a moiety selected from

the group consisting of -Ni, -ON, -OTf (iritlate), and ~OTs {tosylats);

(b}  exposing the semicondoctor subsiraie to a reactant in the process
chamber, and

{c}  reacting the silicon-containing precursor with the reactant on a swrface
of the semiconduector substrate to form at least a portion of the silicon-containing
layer, wherein operations (a) ~ (¢} are performed at a temperanee of at least about 300
(.

27. The mcthod of clatm 26, wheroun the silicon-confaining provarsor is:

SiXaRe, wherein cach X is mdependently selected from the group consisting of -Ny, -
ON, -OTT (niflare), and ~OTs {tosviate), cach R is mydependenty selected fromi the
group consisting of H, an alkyd, and NR'R?, wherein each R! and R? is independently
selected from the group consisting of H, and an alky!, wherein R and R¥ are cither
limked to form a cvelic ring structure ornot linked, and wheretnnis 123, muis 1-3, and

niis 4

28, The method of claim 26, wherein the reactant is an oxygen-containing reactant
angt wherein (¢} conyrises reacting the silicon-tontaining precursor with the oxygen-

containing reactant in an absence of plasma to form a silivon oxide layer.
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20 Awmethod of forming a silicon-containing layer on a semiconductor subsirate,
the method comprising:

{a) cxposing the semuconductor substrate to a sthcon-costaining precursor in a
process chamber, wherein the silicon-contaiming precursor 8 a compoend fhat has:

at least ome sthicon atom that foros bonds with at least two oxygen

atoms, wherein the at least twe mivgen atoms are linked to form a oyclic ring;

(b} cxposing the senuconductor subsirate 1o 3 reactant m the process
chamber, and

{c} reacting the siivon~containing precurser with the reactant on a surface
of the semicondactor substrate o form at least a portion of the sificon-containing
layer, wherein operations {a) - (¢) are perfonned at a tomperature of at least about 500

°C.

3. Themethod of elaim 29, wherein the two oxygen atoms are derived from a fi-

diketonate motety,

3L A method of forming a sihcon~containing layer on a semiconductor substrate,
the muethod comprising:

() exposing the semiconductor substrate to a silicon-containing precursor in g
process chamber, wherein the silicon-contaiming precursor is a compound that has:

at least one silicon atom that is part of a cyvelic ring;

{b) exposing the senuconductor substrate (o a reactant i the process
chamber; and

{c) reacting the silicon-containing precursor with the reactant on a surface
of the senvicondactor substrate to fonm at least a portion of the silicon~contaimng
layer, wheretn operations {(a) — {¢)-are perfonocd at 3 taoperature of ab least about 300
°C.

32, The method of claim 31, wherein the silicon-containing precarsor is selected

from the group consisting of compounds 12, 13, 14, and 15

33 The method as in any of the claims §, 10, }7_26, 29, and 31, wherem the
siticoncontaming laver is selected from the group consisting of silicon mitnide, silicon

oxymifride, siicon carbide, and silicon oxyearbide.
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34, The method of claim 1, wherein the silicon-containing preawsor is SR X,
wherein n s selected from 2 1o 1, and wherein gach R 15 the same or different and 18
independently selected from the group consisting of H, an alkyl, an alkenyl, and an
alkynyl.

35 The method of claim 1, wherein the silicon-containing precursor comprises at

least one sificon atoim that is pact of & evele.

36, The method as inany of the olaims 1, 10, 17, 26,29, and 31, further comprising:
applying photoresist to a semicmductor substrate;
exposing the photoresist to light;
patterning the photoresist;
transferring the pattern o the semiconductor substrate; and

selectively removing the photoresist from the senuconducior substrate.

7.

‘b

‘

An apparstus for depesiting a sikeon-contining layer on o semiconductor

substrate, the apparatus comprising:

a process chamber configured for housing the semiconductor substrate, wherein
the process chamber includes an inlet for inroduction of a siticon~comtaining procuvser;
and  a conwoller comprising program fnstructions for causing deposition of the
sitheon-comtaining laver on the semmcondactor substrate in sccordance with any of the

mothods of claims 1, 10, 17, 26,29, and 31,
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