WO 2021/158633 PCT/US2021/016376

10

20

E
W

PRECURSORS FOR HIGH-TEMPERATURE DEPOSITION OF SILICON-
CONTAINING FILMS

INCORPORATION BY REFERENCE
A PCY Reguest Form is filed concurrently with this specification as part of the
present application.  Each application that the present application clams benefit of or
prionity to as idemtified m the concurrently filed POT Request Fonm 15 meomporated by
reference horemn i ifs ontivety and for all purposes.
FIELD OF THE INVENTION
This vention pertwns to mothods of semiconductor deviee manufachining,
Specifically, cmbodiments of thus wvention periain to precursors used Hw deposition of
sihcont-contaming filns in somiconductor processing.

BACKGROUND

In ttegrated cirewit {1C} fabrication, deposition and ciching techniques ave used for
forming patterns of materials, such as for forming metal hnes embedded f diclectrie lavers.
Some patterning schemes require conformal deposition of materials, where the deposited
tayer shouid follow the contowr of profrusions and/or recessed features on the swrface of the
substrate. Atomic layer deposition (ALD) 15 often a preferred method of fornung conformal
films on a sebatrate, because ALD typieally relies on adsorption of one or more reactants
(precarsors) to the surface of the substrate, and on subsequent chemieal ansformation of
the adsorbed layer to the desired material. Because ALD uses sequential reactions that oceur
o the surface of the substrate, that are separated in time, and that are typically himited by
the amount of the adsorbed reactant, this method can provide thin conformal lavers having

exeellent step coverage.

Chemical vapor deposition (CVD) s another deposition method widely wsed in
semiconductor processing.. It OVD, the reaction ocours i the volume of the process
chamber, and is not lanited by the amow of reactants adsorbed 1o the substrate. As aresuly,
CVD-deposited films are often less conformal than ALD-deposited Hlns, CVE s typically

used in applications where step coverage 1s less important.

ALD and OVD may employ plasma to promuole the reactions of the deposition
precarsors roselting in the formation of the desived films. Thoe methods that make use of the

plasnia ave known as plasnia enhanced ALD (PEALD) and plasma onhanced CVD
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{PECVIN). The methods that do not employ phisma ave referred to as thermal ALD and
thermal CVD.

The background deseription provided herein is for the purposes of generally

presenting the context of the disclosure. Work of the presently named tnventors, 1o the extent

LA

i i3 described in this backeround section, as well as aspects of the description that may not
otherwise qualify as prior at at the time of filing, are neither expressty nor phiedly
adnutted as priov art aganst the present disclogure.

SUMMARY

Methods for depositing silicon-containing films, such as silicon oxide, are provided.
10 The methods, in some embodiments, involve deposition at high temperatwres of at east
about 300 °C, such as of at fogst about 550 °C {e.g. about §50 °C and greater than abomg 550
T}, such as of at least about 800 *C. Swble silicon-vontaining precursors suitable for
deposi’ti(ms at temperatares of at least abowt SU0 “C| sach as at tempeoratures of about 550 -
700 7 are provided. Precursors that provide swrfacc-only desited reactivity at the
15 temperatures and that can be used in both thermal ALD and PEALD are provided. High
temperature deposition can be utilized to deposit silicon-contatning filims with supenior
quatity, Forexample, silicon oxade depostied by lugh tomperature ALD can have desirable
characteristies for integrated cirowit fabnication such as low wet etch rate, low leakage
current, high breakdown ficld snd low concentration of impurities that are ofien unatiainable
20 at lower tomperstures. In some embodiments, silicon oxide films obtained by high
temperature  deposition as descrtbed  heretn have one or more of the following
characteristics: concontration of impuritics of less than about 1 atomic % (where hydrogen

e

23 glem® (

[e 3

concentrations are excluded from calculation}, density of at Icast about 3 B
about 2.23 —2.29 ofem’, such as about 2.26 glem™), wet etch rate of fess than about 4 nm/min
23 m agucous hydrofluoric acid (HF) having a concentration of 289 mM, leakaue cwrent of
fess than about 1510 Avem® at MV, and a breakdown field of greater than about 10
MV/iem. In some embodiments the deposited siHicon oxide films provided herein have all of

the characteristics listed above,

Many silicon-contmining precursors that ave conventionally used for Jow tomperanure
30 ALD, exhibit thermal decomposiion at high temperatares, and are wnatable for ugh
temperature ALD. Further, many conventional silicon-containing precursors are not suitable

for both thermal and plasma enhanced depositions.
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In one cembodinient a method of forming a silicon-contaiming layer on a
semiconductor substrate 15 provided, where the muothod mehudes: {8) exposing the
semiconductor sobstrate fo a stlicon-containing precursar in a process chamber, (b) exposing
the senuconductor substrate to a reactant in the process chamber; and (o) reacting the silicon-
containing precursor with the reactant on a surface of the senviconductor substrate to form
at least a portion of the stlicon-containing laver, wherein operations (a) ~ {¢) are perfornied
at a temperature of at least about S00 °C, where the silicon-containing procurser 18 a
conpound that has at least one Si-51 bond; at keast one 51-X bond, wherein X is selected
from the group consisting of & halogen, triflate, wsylate, ON, Ni, and NRiR:, wherein Ry
and R are independently selected from the group consisting of H, and an alkyl, wherein &
and Rz ane cither hinked to form a evclic ring structure of not binked; and at least one SR

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

In another embodinment a method of forung a silicon~contamung laver on @
semiconductor substrate is provided, where the method inchudes: {2) exposing the
semiconiductor substrate to a stheon-containmg precursor m a process chamber, (b} exposing
the senuconductor substrate to a reactant in the process chamber; awd {0} reacting the silicon-
condaming precursor with the reactant on 3 surfacse of the senvconductor substrate 0 formn
at feast a portion of the silicon-containing layver, wherein operations {a) - {¢) are performed
at & {emperatare of at least about 300 °C, and wherem the silicon-contaning precursor 18 ¢
compound that has at least one silicon atom that forms bonds with at least two mitrogen

atoms, wherein the at least two nitrogen atoms are inked 1o form a cyclic ving.

In another embodiment a method of forming a silicov-comtaimng laver on a
semiconductor substrate s provided, where the method moludes {a) exposing the
senuconductor substrate fo s sificon~contaiiing precursor i a process chamber, (b} exposing
the semiconductor substrate to a reactant in the process chamber; and () reacting the silicon-
contatiung procursor with the reactant on a surface of the semiconductor substrate to form
at teast a portion of the sibicon-contmning layer, whereln operations {a) — (o} ave performed
at a temperature of at teast about S06 °C, and wherein the sibcon-contaiming precarsor 18 3
compoynd that has at {east ong nitrogen atmm that forms bonds with at least two silicon

atoms.

In another cotbodiment a method of formung a silicon~contaiing layer on a

semiconductor substrate 18 provided, where the method mcludes: {a) exposing the
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semiconductor substrate to a stheon-containing precursor in a provess chamber, {b) exposing
the semiconductor substrate to a reactant in the process chamber; and {¢) reacting the sthcon-
comaining precursar with the reactant on a surface of the semiconductor substrate to form
at least a portion of the sificon-contabmng laver, wherein operations {a) - {£) are performed
5 atawoperature of at least about 300 °C, and wherein the silicon-containing precursor iz o
compoeund that has at least one silicon atom that forms a bond with a motety selected from

the group consisting of Ny, -ON_-OTf (miflate), and -OTs (tosylate).

In another embodiment a method of forming a sthcon-containing laver on 3
semiconductor substrate s provided, where the method nchudes: {a) exposing the

10 sennconductor substrate to a sificon-containing precursor in a process chamber, (b exposing
the sennconductor substrate to @ reactant in the process chamber; and {c} reacting the silicon-
containing precursor with the reactant on a surface of the sconconductor sebstrate to form

at Teast a portion of the silicon~containing layer, wherein aperations {a) — (<) are performed

at a temperature of at east about 300 °C, and wherem the siheon-contamming precursor 1§ a

575

compound that has at least one atlicon atoo that forms bonds with at least two oxygen atons,

wherein the at least two oxygen atoms are finked to forny g cyelic ring.

In another embodiment a mothod of forming 2 sthicon-comtaining laver on &
semiconductor substrate is provided, where the method inclades: {3} exposing the
senviconductor substrate to a stlicon-confmining precursor in a process chamber, {b) exposing

20 the somiconductor substrate to a reactant in the process chamber; and (¢} reacting the silicon-
containing precursor with the reactant on a surface of the semiconductor substrate to form
at feast a portion of the silicon-containing layer, wherein operations {a) (o} are performed
at a femperature of at feast about 800 °C, and wherem the silicon-contaming precursor is a

compuound that has at least ove silicon atom that 1s part of a eyclic ring.

25 In some cmbediments, methods provided herein  are  tivegrated  with
photobithographic patterning. methods and further include: applying photoresist to the
workpicee, oxposiny the photoresist to light, patternming the photoresist and transfering the

pattern to the workpicee, and scleetively romaving the photoresist from the work picee.

In another aspect an apparatus is provided, where the apparatus ineludes a process
30 chambor having an mlet for admitting 3 sthcon-comtaming precwrsor o the process

chamber and a substoate support, wheve the apparatus further includes 8 conwoller having

4
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program instruct for causing deposition of silicon-containing filims according to any of the

methods provided herein

In another aspect, a system is provided, where the system includes a deposition

g

apparatas described hevemn and a stepper.

5 In another aspoct, o non-transitory computer machine-readable mediom comprising
program insttuctions for control of a deposition ol is provided, where  the program
instructions nchude code fw performing steps of any of the methods provided hevein,

These and other aspects of implementations of the subject matter deseribed i this
spectfication are set forth n the accompanying drawings and the deseription below.
1 BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 provides examples of silicon-containing precursors according to an
embodiment provided heren,
Figare 2 provides examples of silicon-containing precugsors according o another
enzhodiment provided herein
15 Figaros 3A and 3B provide examples of silicon-containing precursors according to

cmbodiments provided herein.

Figare 4 is a process fow diagram for & method of forming silicon oxide filma

according to an embodiment provided herein.

Figure 3 s a process Hlow diageamn for a mwethod of fornung sihicon oxide fillms

2 according to an cmbodiment provided herein

Figure 6 1s a process flovw diagram for a method of forming stlicon oxidi filims using

a single precursor via both thenmal ALD and PEALD.

Figare 7 15 o schomatic preseptation of an apparatus that is switable for depositing

sibcon-comtamning ilms, according to an ombodiment provided herein

25 Figare § shows o schemate view of a multi-station processing svstom according 1o

o= e

an embodument provided heretn
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Figure ¥ shows a schematie view of a pwlu-station processing system according o

an embodiment provided herein,

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

5 Methods and precursors for depositing high quality silicon-containing films on
semiconductor substrates st high tomperatures are provided. Provided methods and
precursors can be used, for example, for depositing a blanket siheon-containing laver {e.g.,
silicon oxide laver) on a planar substrate, ov for depostting a conformal siicon-containing
fayer on a substrate having one or more recessed or protradimy features. The semiconductar

10 substrade priov © deposition of the film may inchude an exposed laver of diclectric andfor
metal on s sarface. The methods are parbeularty wsetd for depostting thin silicon-
containing films in 3 controlled manaer. For example, figh quality conformal films with

thicknesses of between about 0.5 - 250 nm can be deposited.

The micthods can be used for deposition of a varicty of silicon-contaming materials

15 mchading, but not hosited fo stheon oxade (510, siheon nitride (SN, siheon carbide
{Si0), silicon oxyainide (S10WN), and silicon oxyearbide (5104}, where x and v indicate

that the stoichiometry of these compounds may vary. Provided precursors and mwthods are
particiarly suitable for deposition of sifwon made, such as tugh quality stlicon oxade with

low lpvels of incorporation of other clemients. Deposition af bigh tomperaturg, such as at

20 temyperatwres of at least about 300 °C, such ag at least about 350 70 s often needed in order
to produce high geality sibeon oxide films baving high panty. Precursors that exhibit clean
reactivity at fugh tomperatures, with fow levels of decompostiion, are provided herein, it is
understood that the described silicon-containing precursors can alsg be used for depositions

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

25 Further, provided precursors are suitable for both thermal and plasma cnhaneed depositions,
where both thermat and plasma eohanced depesitions can be conducted at bigh temperatiue

of at feast about 500 °C, such as ghout 300 ~ 00 °C._ e.g. about 5350 - 700 *C. The
temperatures recited herein vefer to temporatares weasured proximate the sobstrate. It is

b

estond that the provessors deseethed herein can be uwsed for depostiions at Jower

30 temperatures than SO0 °C

i
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In some cmbodiments ot feast one step during deposition is conducted at high
temperature. {n other envbodiments the entive deposition, which may mclade multiple

reactant dosing and parging stops 1s performed at high temperagure,

“Silicon oxide” as ased herein, refers to a material that consists cssentially of siticon

LA

{51} and oxvgen (Q). Other clements {c.u., C, and W} can be prosent i siticon oxide in small
quantities {e.g., with a totad content of less than about 13 atomre %46, or less than abowt 10%,
where hydrogen is not included 1o the caleolation). Silicon oxide typically s Sith, although
deviations from 1.2 (sihconoxygen) stoichiometry may be pogsible. “High purity silicon
oxide™ as used herein refers to silicon oxide that inchudes less than about 1 atomic % cabon,
10 less than about 0.1 % nifrogen, and less than aboat 0.1% of other clements, where hydrogen
ts not included 1 the caleulation. In some embodiments, high purity silicon oxide wcludes
foss than about 1 atomic % of clements other than silicon and oxygon {where hvdrogen is

not included i the caleulation).

Sthicon mitride (SN, silicon carbide (S10;), stlicon oxynitnide (510N, ), and sibicon

15 oxvearbide (3100, refer 1o materials that respectively consist essentially of sibicon and
nitrogen (S1Ny), silicon and carbon (81, sthicon, oxveen and nitrogen (810N, and
stheon osvgen and carbon (81G:CH). Dther eloments may be present in these compoundy in

small quantitics, e.g., v an amount of foss than about 10% atomie, where hydrogen is

excloded from the ealoulation.

20 The termm “senuconductor substrate” as used herein refers 1o a substrate at any stage
of seaiconductor deviee fabrication contating a senviconductor material anywhere within

s structure. It s understood that the semconductor material in the senviconducior substrate
does not nead 1o be exposed. Semvconductor wafers having a plurality of layers of other
materials {(e.g., diclecnics) covermg the somiconductor matenial, are examples of
35 somiconductor substrates.  The following dotatled description assumnes the disclosed
smplomentations are implomented on a semiconductor wafer, such as on a 200 pum, 300
i, or 450 pm sewmtconductor waler, Howoever, the disclosed mplomentations are not so
Hmited. The work picce may be of vanous shapes, sizes, and materials. fn addition to
semiconductor wafers, other work pieces that may take advantage of the disclosed

30 mplementations include vanoes aricles such as printed cirewt boards and the hke
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The term about” when used in reference to numerical values includes a range of

+10% of the recited numerical value, unless otherwise specified.

The term “alkyl”, as used herein, refers to saturated substituents containing
exclusively carbon and hydrogen atoms. Alkyls include linear, branched and cyclic groups.
Examples of linear alkyl groups include without limitation, methyl groups, ethyl groups, n-
propyl groups, n-butyl groups, etc. Examples of branched alkyls groups include without
limitation, isopropyl, isobutyl, sec-butyl, and t-butyl. Examples of cycloalkyls include

without limitation, cyclopropyl groups, cyclopentyl groups, cyclohexyl groups, etc.

The term “alkylamino”, as used herein, refers to NR2 group, wherein at least one R
is an alkyl, and each R is independently selected from H and an alkyl. Examples of
alkylamino substituents include dimethylamino and diethylamino substituents.

The term “independently selected”, when referring to R substituent selection in a
molecule containing multiple R groups, means that the selection of R substituents at
different atoms of a molecule is independent and that the selection of R substituents at one
atom having multiple R substituents is also independent. In molecules containing multiple

R groups, R groups may be same or different.

Silicon-containing films with controlled thicknesses can be deposited on
semiconductor substrates by sequentially exposing the substrate to a silicon-containing
precursor and to a reactant, where the reactant reacts with the silicon-containing precursor
and forms a film of desired composition. The reactions are typically limited by the amount
of a silicon-containing precursor and/or reactant residing on the surface of the substrate, and
are typically repeated as many times as necessary for depositing a film with desired
thickness. For example, silicon oxide films can be deposited by sequentially exposing the
substrate to a silicon-containing precursor and an oxygen-containing reactant, such as Og,
O3, H20, H20,, and N2O, where the reactant may be optionally activated in a plasma.
However, when deposition occurs at relatively low temperature (e.g., at less than about 500
°C), the deposited silicon oxide often has low quality. This stems largely from the low
thermal energy of the system, which in turn leads to such problems as low film density,
lowered reactivity of Si-containing precursor on the surface, and increased atomic impurities
as a consequence of more challenging byproduct removal. In order to deposit high quality
silicon oxide, deposition often needs to be performed at temperatures of at least about 500

-8-
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to decomposttion at high temperatires. For example, bis(tert-butviaminolsilane {(BTBAS)

exhibits decomposition at emperateres of greater than about 330 °C,

Several classes of silicon-containing precursors that can be used for deposition of
silicon-containing films at high temporatare are provided. For example, procursors that are
suitable for depositions at a temperature of at least about 300 °C, such as at least about 358
“C, such as at about 300 ~ 300 7C e.g., 350700 °C are provided. In some embodiments, a
singde precursor 1s used for both PEALD and thermal ALD, where both plasma-assisted and

thermal deposition are condueted in one reactor,
Precursors containing S&81 bovd

rvone aspect, a sihicon-containing precarsor suitable for high tempeeatere deposition
is a compound that has at least one S-St bond, at east ong 8i-X hond, whorein X is selected
from the group consisting of a halogen {e.g., T By, andfor 1), triflate (CF:804), waylate
(UHUsHaSOR), ON, Ny, and NR(Ry, wheretn Ry and R are wdependently selected from the
group consisting of H, and an alkyl, wherein Ry and R are either hnked o form a eyelie
ring structure or not hnked; and at feast one SR bond, wherein R is sclected from the group
consisting of H, and an alkvl In some cmbodiments alkyls are CH-C4 alkvls, such as

methyvl, ethvl, s-progyd, isopropyl, s-buted, rec-butel, or s-butyl.

In some embodiments, the silicon-containing precursor 18 SipRoe X, where nis an
mtoger selected from 2 to 16, and where cach R is the same or different and iz
independently selected from the group comsisting 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, where each R is the same or different and is independently selected
from H and a C1-O3 alkyl (o, methyl, ethyl, s-propyl, sopropyl). Specitic examples
mclode  1-chlovodisilane, -dimethylapunodisilane, I-dicthviaminotrisifane, and 1-

bromaietrastiane,

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

atom that is part of a cyele.

R
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In seme embodiments, suitable precursors contain two or more X groups. For
example 1 2-bis{ditsopropylaminoidisifane  (BDIPADS) contains two  dialkvlamine

substituenis.

Haloalkyvidistlanes can be porchased from chemical soppliors sach as Millipore

i

Sigma or Gelest. Aminc-substitatod silanes or those nehuding pscudohalogen groupscan be
prepaved under mert atnosphere via nucleophilic substitunion of a chloreatkylperailane.
Alternatively, substituted monostianes can be reduced with an atkali metal, such as tithivm,
and coupled with a second sebstitoted stlane o form a distlane precursor. Tristlanes and
tetrasilane precursors can be formed ander similar conditions with an excess of alkali metal

10 reductant.
Precursors containiig N-Si-N motlf

In another aspect, a silicon-containing precursor that is suitable for high temperature
deposition is a compound that contams at least one sificon atom that forms bonds with at

feast bwo nifrogen atorns, wherein theat least two mitrogen atoms are linked to form a cyohie

oo
L 2

ring. The cvelic ving includes the silicon atom and both nikogen atoms, and may be, for
exanple, 4-membered, S-membered, or 6 membered. In some embodiments, the procursor
icludes move than one of such vings. For example, compound 4 shown in Figore 2, based

on 147 « giazacyelononane (TACN) has four of such rings.

Examples of sutable compounds having N-SEN motif are shown in Figuve 2, where

20 wmeompoadsd, S 6, 7,8 and Y cach R s the same or different and is independently selected
from the groap consisting of H, and an atkyl, and each R' is the same or different and is an

atkyl In some embodiments, the alkyis are C1-C4 atkyls (e g., methyl, ethyl, a propyl, ora
butyl). The iHustrated compounds are based on TACN {compound 4), ethylenediamines
(compound 3), 1 4-diazabuta-1 3-dienes (DAD) (compounds & and 7)., and amdines

25 {compound 8). These compeownds can be prepared by reacting silicon halides with
corresponding anunes or diazabutadione. In some embodiments compowunds of silicon and

L4 T-trimethyi-1 4,7 — triazacyelononmne (M TACN) ate provided, where MesTACN acts

as a tridentate lgand. In one soplementation the compound cortaing S{MeTACNIX:
catton, where X is 2 halogen {o.g., F). Such compound can be prepared by a reaction of SiF

30 with MaTACON ynder anhvdrous conditions.
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In some embodiments suitable compounds having N-Si-N motif are adducts
containing  2,2-bipyridine  (bipy), 1,10-phenantroline  (phen) or N,N,N’N’-
tetramethylethylenediamine (TMEDA). Examples of such compounds include SiXasbipy,
and SiX4sTMEDA where each X is independently selected from a group consisting of a
halogen (e.g., Cl or Br), H, and an alkyl (e.g., methyl or ethyl). Specific examples include
SiH2Clz(bipy), SiHCIz(bipy), SiClzMe(bipy), SiCl.Me(bipy), SiCIsH(TMEDA), and
SiCloH2(TMEDA). These compounds can be synthesized by reacting a silicon-containing
starting material (e.g., H2SiCl,, HSIiCls, MeSiCls) with a desired ligand (e.g., bipy, phen, or
TMEDA).

In some embodiments the silicon-containing precursor is a silylene (a divalent,
dicoordinate silicon species). Examples of silylenes are compounds 7 and 8 shown in Figure
2. Stability of silylenes is typically enhanced by presence of bulky groups. In some
embodiments R! in compound 7 is a sterically bulky group such as t-butyl. A specific
example of such silylene is N,N'-di-tert-butyl-1,3-diaza-2-silacyclopent-4-en-2-ylidene.
These compounds can be obtained by a reaction of silicon (IV) halide (e.g., SiCls) with a
lithiated N,N’-di-tert-butyl-1,4-diazabutadiene, followed by a reduction by alkali metal or
potassium graphite to produce the silicon (11) compound 7.

Precursors containing O-Si-O motif

In another aspect, a silicon-containing precursor that is suitable for high temperature
deposition is a compound that contains at least one silicon atom that forms bonds with at
least two oxygen atoms, wherein at least two oxygen atoms are linked to form a cyclic ring.
The cyclic ring includes the silicon atom and both oxygen atoms, and may be, for example,
4-membered, 5-membered, or 6 membered. In some embodiments, the precursor includes
more than one of such rings. For example, silicon compounds with B-diketonate ligands
(e.g., with acetylacetonate) may be used. In one embodiment, the compound has a formula
Si(A)3X, where A is a substituted or unsubstituted acetylacetonate, and X is a halogen (e.qg.,
chloride). In another embodiment, the compound has a formula Si(A)2RX, where A is a -
diketonate (e.g., substituted or unsubstituted acetylacetonate), X is a halogen (e.g., chloride),
and R is an alkyl (e.g., methyl). Acetylacetonate silicon compounds can be prepared, for
example, via a reaction of silicon halide (e.g., SiCls) with acetylacetone or acetylacetonate.

In another embodiment the compound is Si(A)Rs, where A is a p-diketonate (e.g.,

-11-
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acetylacetonate or dibenzoylmethane), and each R is independently selected from the group

consisting of an alkyl, and haloalkyl (e.g., CF3)

Precursors containing Si-N-Si motif

In another aspect, a silicon-containing precursor that is suitable for high temperature
deposition is a compound that contains at least one nitrogen atom that forms bonds with at
least two silicon atoms. In some embodiments the precursor is compound 10 shown in
Figure 3A, where each R is the same or different and is independently selected from the
group consisting of H, and alkyl, and wherein each R? is independently selected from the
group consisting of H, alkyl, and Si(R?)s, where each R? is independently selected from the
group consisting of H, and an alkyl. In some embodiments alkyls are C1-C4 alkyls, such as
C1-C3 alkyls. Specific examples of compounds 10 include tris(trimethylsilyl)amine,
trisilylamine, isopropyl(disilyl)amine, ethyl-bis(trimethylsilyl)amine, disilylhydrazine. In
some implementations precursors of formula 10 have structure 11 as shown in Figure 3A.
Precursors of this class can be prepared, for example, from a haloalkylsilane and the
corresponding base under acidic conditions. For example, isopropylamine can be stirred in
the presence of excess HCI with chlorotrimethylsilane to form isopropylamino-trimethyl-

silane.
Cyclic precursors

In another aspect, a silicon-containing precursor that is suitable for high temperature
deposition is a compound that contains at least one silicon atom that is part of a cyclic ring.
Examples of rings include 4-membered, 5-membered, 6-membered, and 7-membered rings.
In some embodiments at least one silicon atom forms bonds with two carbon atoms, where
the two carbon atoms are linked to form a cyclic ring. In some embodiments, the at least
one silicon atom further forms bonds with one or two nitrogen atoms. An example 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 alkyl (e.g., C1-C4 alkyl), and H.

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

ring. An example of such precursor is precursor 13 shown in Figure 3B, where R! and R?

-12-
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ave same or different and are independently selected from the group consisting of an alkyl

(.o, CH-C4 alkyl), and KL

>

In some embodiments at least one sihicon atom forms bonds with a carbon atom and

a stlicon atom, where the carbon atom and the silicon atom are hnked to form a cvelic ring.

LA

; ) ~ : . . . g
Examples of such precursors are precursor 14 and 15 shown in Figure 3B, where RERS are
same or different wnd are independenty selected from the group consisting of anatkyl {e.g.,

CH-Cat alkyl), and H.

Specific  examples of oyelic compounds  include 1,12 2-tetramethyd-1 2-
disilacyclohexang, and 1, 1-bis{cthvlamine- -stlacydobutane. Precursers of this type can

10 be prepared from condensation of hnear bhaloalkyldisilanes. For eoxample, 13-
s{chlorodimethyibutane s condensed over Na/K alloy to provide 11,2, 2-tetrametipd-1,2-

distlacyelohexane
Frecursars contaning psewdahalogen leaving groups

In another aspect, silicon-containing precursors are provided, where the precursor

L0

contains one or more pseudohalogen feaving groups bonded to silicon. Tn a speaific
mnplementaton the precursor contains at least one silicon atom that forms a bond with a
muoiety selected from the group consisting of =N, -ON, ~OTf (uiflate), and ~O715s {tosylate).
In onc mplomentation the stheon-contining precursoy is SIXGRw, wheremn each X s
mdependently selected from the grogp consisting of -Na, -ON, -OT¥ {(intlate}, and ~OTs
20 (tosylate), cach R is independently selected from the group consisting of H, an alkyl, and
NR'RY, wherein each R' and RY is independently sclected from the group cousisting of H,
and an atkyl, wherein R and R are either Hiked to form a cyclic ring structure or not linked,
and wheretnn i 1-3, nyis 13 and rmn s 4. Compounds of this type aretvpically prepared

via salt metathesis, for example, sodium triftuoromethanesalfonate 18 stired  with

25 duadkyi{isopropylanunojehlorosilane o provide diatkvi{isopropylandnc)silyl-
triftuoromethanesulfonate and NaCl.
Moleties enbancing stabilive and desived swface reactivity
The stability of compoonds at fugh tomperatwre and the desired reactivity are
30 believed to be enhanced by a presence of at {east one eleetron-donating group {e.&., an alkyh

bonded to silicon, and at least one leaving group bonded to silicon. Examples of suitable
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feaving groups include hidogens {such ag G, Br, and ), Ny, -ON, -OT{ {wiflate), and -0OTy
(tosviate). Another example of a suitable leaving group is an NR'R? amino group, where
cach R and R¥ is independently selected from the group consisting of H, and an alfvl,
wherein R and R are either linked to form a cyclic ring structure or not linked. In one
erabodiment the silicon-contatming precursor is a compound of any of the classes deseribed
herein, which has at least one alkyl substituont and 3t least one leaving group as deseribed

above,

Without wishing to be bound by a specific theory on compound stability, it 1s
believed that the stability of precursors can be enhanced by sclecting precursors without
siheon-hydrogen bonds. Inone embodimentthe sibicon-contatiing precursor is a compouand
of myy of the classes deseribed heremn, which does not have stheon-hydrogen bonds.
Scleetion of suitable precursors is, however, not linited by the deseribed theories on
stability. Alkviated halosilanes are commeraially avatlable from a number of suppliers, such
as Mallipore Sigma.  Pseudohalogen substitution is aceomplhished via salt metathesis with

the appropriate atkyibalosilane
Methods

The sthcon-containing precursors provided herefn can be used for high-terperature
deposition of sificon-contatmng filmg in both thermal and plasma enhanced ALD. In some
embodiments the methods invelve exposing the semiconductor substrate to & silicon-
eontaining precursor provided berein, exposing the semiconductor substrate to a reactant
{opuionally activated in a plasnia), and reacting the silicon~containing precursor on the
surface of the semiconductor substrate with the reactant 1o form at loast a portion of a desived
siticon-contabung layer. The entire depostiion process {exposures of the substiate to the
reactant and 1o the siicon-contaiming precursor, and the reaction) can be performed at high
temperature of at least about 500 °C, such as of at least about 530 °C e, about 550 - 700
*CoIn some cwmbodiments, @t least one of the deposition stops is porformed at high
tenmperature. The deposition can be perfonmed at a prossure of between about 30 milltorr -~
about 760 Torr. Preforably the deposition is porformed at subainospheric presswre, e.g., at

a pressurs of betwern sbowt M myTorr — 200 Tom,

When the reactant is activated in a plasma, the plasima woay be formed remotely

{oggside the process chamber howsing the sebstraig), and the plasma-activated reactant may

Y.
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be introduced to the process chamber, In other embodiments the plasma s a divect plasma

formed in a process gas containing the reactant in the process chamber housing the substrate,

Plasma may be formed, in some embodiments, using single frequency high
frequency radio frequency (HE RE) plasma generation. In other embodiments that utilize
dual frequency plasma genoration plasma is generated using bothy HE RF and low frequency
radio frequency (LF RF). Example low-frequency RF froquencies may include, but are not
hmited to, frequencies between 30 kHz and 700 kHz.  Example high-frequency RF
frequencics may inclode, but are ot Himited to, frequencies between 1.8 MHz and 2.45 GHz,

In some cmbodiments LF frequency 15 430 KHz and high frequensy is 13.56 MHz.

The silicon-containing precursor and the reactant can be infroduced i any order. In
some crmbodiments, the siicor-comiaiping precursor is troduced first into the process
chamber and 15 allowed to form a fayer (o g, adsorption-limited layer) on the surface of the
substrate. Next, non surface-bound precussor 1s removed from the process chamber(e.g., by
purging andfor evacuation) and the substrate having a layer of silicon-containing procursor
on the surface is exposed to the reactant (where the reactant may be activated in a plasma).
The reaction roay proceed spomtancously after introduction of the reactant or may occur
after an addittonal activation. Then the process chamber may be purged andfor evacuated to
remove the reaction byproducts andfor excess reactant, and the ontire process may be

repeated as many himes as ncoessary to form a layer of desired thickness,

A process flow diagram for an exemplary method of depositing silicon oxide is
shown in Fuynwe 4. The process starts in operation 401 by exposing the scmiconductor
substrate 1o a silicon-containing precursor provided heretn, The senvicondiuctor substrate can
be exposed o any of the silicon-contaiming precursors provided heremn (ncluding to
mixiures of sieon-contaming precursors provided herem). In some embodiments the
silicon-containing precursor s intreduced inte the process chawmber housing the
semiconductor sebstrate n 2 maxture with a carrier gas {o.g., helam, argon, Nu, ste. ), where
the process chamber is maintained at a temperature of at least about 308 °C, such as at least
about 330 °C, such as about 5300 - 300 °C, e.g., abowt 33} - 700 °C. The siicon-comtaining
precursor is allowed o form a faver {o.g., an adsorption-limited laven) on the swrface of the
substrate. Next, in operation 403, the semiconductor substrate is exposed to an oxygen-
containing reactant, For example an oxygen-containing reactant {inchuding a single reactamt

and nuxtures of different reactants) may be introduced into the process chamber housiog the
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semiconductor substrate, optionally with a carvier gas.  Examples of oxygen-coniaining
reactants inclade without fimitation Os, Os, H:O, HxOx and NoO. Examples of camier gases
inchde without limitstion hebium, argon and Nx Next, in operation 4035, the silicon-
comtaining precarsor reacts with the reactant on the surface of the semiconductor substrate
to form at feast a portion of the sihicon oxide taver, where the deposition {all of steps 401-
45} are perforned at a temperatare of at least abowt M0 *C. The reaction may be thenmal
o plasma-assisted. Next, i operation 407 steps 401-403 are optionally repeated as many

nmes as necessary unti a desived thickness of the silicon oxide layer is formed.

In some embodiments, the reaction is limited to the swrface of the substrate by
removing the non surface-bound silicon-containing precursor andfor reactayt from the
process chamber by purging andfor evacoation. One mplementation i3 tustrated by the
process flow diagram shown in Figee 5 The process starts in SG1 by oxposing the
semiconductor substrate to a sihcon~-contmning precursor provided herein, Next, in 503, the
process chamber housing the semiconductor subsirate 1s purged andior evacuated. The
purging andior evacuation are performed o remove the non surface-bound sihoon-
condaming precursor. In some cmbodiments the process chamber is purged with an tnent
gas, such as argon, holram, Ny, ete. Next, i oporation 305, the semiconductor substrate is
exposed to an oxygen-containing reactant and the silicon-containing precursor is allowed o
react with the oxyvgen-contaiing reactant on the surface of the substrate to form at least a
portion of stlicon oxide. The reaction may be cither thermal or plasm-assisted. Next, in
operation SU7, the process chamber is puvged andfor evacuated. All steps SO1-507 i this
embodiment are conducted at a temperatre of at feast about 3080 °C. The deposition oyele
mchuding steps 301-307 may be vepeated as many Umes as necessary o provide silicon

axide of desired thickness.

I some emibodiments @ single silicon-containing precursor 1s used fur both thermal
deposttion and for plasma cobanced deposition. The precursor may serve for depostiion of
layers having the same or different composisions. In some embodiments thermal deposition
and plasma enhanced deposition are performed sequentially on a single sabstrate. For
example, if the subsirate initially contains an exposed surface that can be castly damaged by
plasma, | the deposition of a silicon-containing layer nwy start therally 10 an absence of
plasma. Exaroples of surfaces that can be casily damaged by plasma include but are not

fimited to 54, a-51, a~C, 2 polymer composite matenal sach asthose used for Ithography, or
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metal or metalloid lavers including but not Umited o Ga, In, W, Ma, Cu, Ni, Co, Sb, Bn,
and Ay, or binary or ternary materiale mchiding but not Hmited to MoSz, W82, MoSes,
WSes, MoTe:, InGal, InGads, and InGaSh. Next, after the susface of the substrate i3 coated
with the less-delicate siicon~contabmng material, plasma-enhanced deposition of the same
siheon-containing material may follow. In ather cmbodiments the process starts by plasma-
enhanced deposition and follows by a thermal deposition in an absence of plasma. The
depositions may be performed using stheon-containing precwrsors and deposition methods

described heren.

An exemplary process flow diagram for deposition of silicon oxide is shown in
Figure 6. In operation 601 a semiconductor sabsirate is provided to a process chamber. For
example, a senveonductor substrate having a laver of a plasma-sensitive material on o
surface may be provided to a process chamber of a PEALD apparatus. Next, i operation
63, a portion of the sihicon 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 silicon oxide in this
thermal step can be depasited directly onte the plasmiu-seasitive matenial to provent any
plasma damage to that faver. The deposition nway be conducted, for example, using any of
the silivon~-containing precursors provided heretn. Next, in operation 603 a second portion
of the silicon oxide laver is deposited onto the substrate in plasma-~assisted deposition using
the same silicon-contaiming precursor that was used i thermal deposition 803 In some
cbodiments plasma enhanced deposition 605 is performed in the same process chamber
as thermal deposition 603, o other embodiments the substrate is transferred from a thermal
deposition station 1o a plasma enhanced deposition station within one modale housing both
stations withowt sxposing the semiconductor substrate to ambiont abmospbers. In some
ernbodiments plasmn assisted deposition is performed at 3 temperature of at least about SO
°C. In some embodiments depositions 603 and 603 are thermal and plasma cuhanced ALD

operations that myvolve veactions of the silicon-containing precursor with an oxygen-

=

o~

containing reactant on the swrface of the substrate as desertbed in Figures 4 and 3. In some
embodinionts the oxygen-containing reactants used during thermal and plasma enhanced
depositions are ditferent. In one oxample, the oxygen-condaining reactant vsed in thermal
deposition at-high tomperature 1s water, whereas the oxvgen-comtanung reactant used n

plasma enhanced deposition at high temperatore 1 a suxture of Oy and N:O.
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While the nicthods were iHustrated using sihicon oxide deposition ag an examuple, &

1% anderstood that other silicon-contaming materials can be similarly deposited af high
temperature using stlicon-containing precursors described herein, by using an appropriate
reactant. For example sificon nitnide can be deposited by using 3 mirogen-containing

5 reactant{c.g., NHs, hvdrazing, Noj, for a igh tomperature surface reaction with the silicon-
containing precursor, where the reaction may be thermal or plasma-assisted, Stlicon
oxynitride may be depostied by using a process gas coutaining an oxygen-contaming and a
nitrogen-contaiming reactant for a high tomperatwre surface reaction with g siheons

containing precursor.
16 dpparans

The deposition methods described heretn can be carried out in 8 wvariety of
apparatuses. A suitable apparatus iclades a processing chamber having one or more
mlets for introduction of reactants, & substrate holder in the process chanyber configured
oy Bold the substrate i place during deposition, and, optionally, a plasma gensrating

15 mechanism configured for generating a plasma i a process gas. When high temperature
deposttion is performed, the apparatus further includes a bewter configured for heating
the provess chamber to o desived temperature. The apparans may include a conwroller
having program mstructions for causing any of the method steps desortbed heretn. The
deposition methods deseribed berem moay be carnied out i comresponding ALD

20 apparatuses available from Lam Research Corp. of Fremont, CA, such as Striker™ tools.
Thermal deposttion can be carried out in an apparatos with or withouat plasma generating
mcchanism. Plasma enhanced deposition is carricd out in an apparatas having a plasma
generating mechanism, where the plasmia generating mechanisnt may be contigured to
generate plasma remotely (outside the process chamber housing the substrate) or

25 divectly (inside the provess chamber bousing the substraie). In some cmbodiments the
apparatus Includes at loust two process chambers or at least two stations witlun oue
process chamber, where one s configured for thermal deposition, and the other is

configured for plasma enhanced deposition.

It some embodimmenty the apparatus inchudes a controller having  program
30 mstructions that include mstractions for: causing an introduction of a sificon-contaimng
precursor to the processing chamber, wherein the preowrsor is any of the precwrsors

desertbed herein; and causing a reaction between the silicon-containing precursor and 3
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reactant o form a laver of sificon-contmning material on a substrate at a temperatwe of ot
feast about 500 °C, where the reaction is configared to be conducted in a sarface hmited
manner, For example, program instructions may inchide instructions for causing purging
after introduction of cach of the sthicon-containing precursor and aveactant, and wstractions
for causing repeated sequential introchictions of silicon-containing precursor and a reactant
to the processing chamber 1o deposit a laver of desived thickness. In some embodiments the
mstructions for causing cxposwe of the subsirale to an oxygen-contmining reactant,
optionally in a plasma, are provided. Generally, the controller may include program

instructions for causing any of the metheds described herein.

An example of a deposition apparatus suitable for depositing silicon-containing
fibmg using provided methods 15 shown mn Figare 7. Figure 7 schematically shows an
ebodiment of a process station 7 that may be esed to deposit material using atomic laver
deposition (ALD) which may be thermal or plasma enhanced. For simplicity, the process
station 700 is depicted as a standalone process station baving a process chamber body 702
for mamiainipg a low-pressure envivonment. However, it will be appreciated that a pluraliny
of process stations 700 may be included 1 a commmon process tood environment. Further, it
will be appreciated that, i some embediments, one o more hardware parameters of process
station 700, inclading those discussed in detail below, may be adjusted programmatically

h}-’ ONE OF MOrs o uier controllers.

Process stagron 7080 fluidly compmcates with reactant delivery svstem 701 for
delivering process gases to a distribution showerhead 706, Reactant delivery system TiH
mchades 8 mixing vessel 704 for blending and/or conditioning process gases for delivery o
showerhead 706, One or more mixmyg vessel mlet valves 720 may control mtroduction of
process gases to mixing vessel 704, Samitarly, a showerhead inlet vabve 75 may control

introduction of process gasses o the showerhead 706

fad

Same stlicon-contamning precursots may be stoved i solid or Bgud form poor fo
vaporizatton and subsequent delivery to the process station. For example, the embodiment
of Figure 7 includes a vaporization point 703 for vaporizing sofid reactant to be supplicd o
mixing vessel 704, In some embodiments, vaporizanion point 703 may be a heated vaporizer.
{n some ombodiments a flow of an mert gas 1 passed over the beated sohd silicon-
containing precursor, or bubbled through the heated higud sihicon-containing precursor,

under subatmospheric pressure, and carries the precursor vapor to the process chamber. The
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precursor vapor produced from such vaparizers may condense in downspeam delivery
piping.  Exposure of incompatible gases to the condensed reactant may oreate soall
particles. These small particles may clog piping, tmpede valve operation, contaminate
substrates, ete.  Some approaches to addressing these issues involve sweeping andfor
5 evacuating the delivery piping to remove residunl reactant. However, swoeping the delivery
piping may increase process station ovele time, degrading process station throughput, Thug,
in some embodiments, dehivery piping downstream of vapotization point 703 may be heat
traced. In some examples, puxing vessel 704 may also be beat traced. In one nop-hinuting
exsmple, piping downstream of vaporization point 703 hag an increasing temperature profile

i extending fom approxinately 1007C to approximately 200°C at suixing vessel 704,

Showerhead 706 disinbates process gases toward substrte 7120 In the
embodiment shown in Figure 7, substrate 712 is locsted beneath showerhead 706, and 13
shown resting on a pedestal 708, 1t will be appreciated that showerhead 706 may have any

suitable shape, and may have any suttable number and arrangement of ports for distributing

575

processes gases to-substrate 712, While not explicitly shown, i some embodiments the
showcerhead 706 i a dual plenum showerhead that mchudes af least two types of conduits,
where the first type of conduit iy dedicated o dalivery of silicon-containing precursor vapor,
and the second type of conduit s dedicated to delivery of the reactant. In these embodiments
the sificon-contatmng precursor and the reactant are not allowed to nux in the condaits prior
20 to entry to the process chamber, and do not share the conduiis if delivered to the chamber

consecntvely.

in some emboediments, a microvolame 707 1s located beneath showerhead 706.

Performing an ALD process m a microvohame rather than in the entire volume of a process
station may reduce reactant exposure and sweep times, may reduce times for aliering process

28 comhitions {(v.g., pressure. fomperature, efe.}, may linl an exposwre of process station
rebotics 1o prooess gases, oic. Example puerovolume sizes include, but are not Hmited to,
volumes between 01 Hier and 2 fors. Thes smuorovohame also impacts productivity
throaghput. While deposition rate per evele drops, the ovele tne also simultancoushy
reduces. In certain cases, the offect of the latter s dramatic onough to improve overall

30 throughpw of the module for a given target thickness of film,

In some embodiments, pedestal T8 may be raised or lowered to expose substrate

712 to nuerovolume 707 andior to vary a volume of microvehune 707, For example, in a

20~
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substrate transfer phase, pedestal 708 may be lowered to allow substrate 712 10 be loaded
onto pedestal 708, During a deposition process phase, pedestal 708 may be raised 1o position
sebstrate 712 within microvolume 707, o some embodiments, microvolume 707 may
completely enclose substrate 712 ag well as a portion of pedestal 708 to ereate 3 region of

5 high flow impedance during a deposition process.

Optionally, pedestal 708 may be lowered andfor raised during porbions the
deposition process to modulate process presswve, reactant concentration, cfe., within
nucroveohane 707, In one scenario where process chamber body 702 remains at 3 base
pressure during the deposition process, fowering pedestal 708 may allow nucrovohsme 747

10 fo be evaceated. Example ratios of nuerovolume to process chamber volume include, bat
are not {inited to, volume ratios between 1700 and 1110, 1t will be appreciated that,
some embodiments, pedestal holglt may be adjested prograswmatically by 3 suitable

copputer controller.

While the example microvolume variations deseribed herein vefr fo a height-

15 adjustable pedestal, st will be appreciated that, in some embodiments, a position of
showerhead 706 may be adjusted relative to pedestal 708 to vary 3 vohune of microvolume

7. Father, #t will be appreowted that a vertical posttion of pedestal 708 andéor
showerhead 706 may be varied by any suitable mechanism withun the scope of the present
disclosure. In some cmwbodiments, pedestal 708 may melude a rotational axis for rotating

20 an orentation of substrate 712, It wall be appreciated that, in some embodiments, one or
more of these example adyustments may be performed programmatically by one or more

suitable computer controllers.

Returning to the embodiment showan in Figwre 7, showerhead 706 and pedestal 708

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

25 powering a plasma. In other cmbodiments apparatuses without a plasma generator are used
for depositing sihicon-contaiming films asing provided methods thermally., In some
crmmbodiments, the plasma energy may be controlied by controlling one or more of a process
station pressuwre, a gas concentrationt, a radio frequency {RF) source power, an RF source
frequency, and 2 plasma power pulse timing. For example, RF power supply 714 and

30 matching wetwork 716 may be operated at any sutable power to form 3 plasma having a
desired composition of radical species. Likewise, RF power supply 714 may provide RE

power of any suitable frequency.  In sowe embodiments, RF power supply 714 may be

21
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contigured to control high- and low-frequency RF power sources independently of one
another.  Example {ow-frequency RF frequencies may inclede, but are not linted to,
frequencies between SO0 kHz and 700 kHz, Example high-frequency REF frequencics may
mnctude, but are not limited to, frequencies between 1.8 MHz and 2.45 GHe, It will he
5 appreciated that any suitable parametars may be modulated diseretely or continuously ©
provide plasma encrgy for the swriace reactions. In one nop-linuting example, the plasnsa
power may be intermittontly pulsed to reduce 1on bombardment with the subsirate surface

relative to continuously powered plasmas,

In some embodiments, the plasma may be meonitored in~situ by one oy more plasma

10 momiors. by one scenario, plasma power may be monstored by one or more voltage, current
sensors {eg, VI probes).  In another scenario, plasma density andior process gas
congentration may be measured by one or more optical GMISKiON SpEClOsLOpY  SEnsors
{OES). In some embodinents, one or more plasma parameters may be progranumatically

adjusted based on measwrenments from such in-situ plasma momitors. For example, an OES

575

sensor may beused 1o a feedback loop for providing programanatic conirol of plasma power,
it will be appreciated that, in some embodiments, other moatiors nay be used to momtor
the plasma and other process characteristios. Sueh wonitors may fclude, but are not Haticd

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

In some cinbodiments, the plasing may be condrolled via mputioutput control

20 (100) sequencing wmstructions.  In one example, the instractions for setting plasma
conditions for a plasma process phase may be included i a corresponding plasma activation
recipe phase of a deposition process recipe. In some cases, process meipe phases may be
secuientially arranged, so that all mstructions for a deposition process phase are executed
concurrenthy with that process phase. In some embodiments, instructions for setfing one or

25 more plasma patameters may be included m a rocipe phase preceding a plasima process
phiase. For cxample, a first recipe phase nmay include instructions for setting 2 flow rate of

an inert andfor & reactant gag, instractions for setting a plasma generator 1o a power set point,

and tme delay mstructions for the fivst recipe phase. A second, subsequent recipe phase

may inclede mstractions for cnabling the plasma generator and time delay tastructions for

30 the second reeipe phase. A flurd recipe phase may include instructions for disabling the

plasma gencrator and time delay instructions for the third recipe phase. It wall be

s
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appreciated that these recipe phases may be further subdivided and/or Herated in any suitable

way within the scope of the present disclosure.

Pedestal 708 15 typically temperature controlled via heater 710 Further) n some
enrbodiments, pressare control for deposition process station TiHE may be provided by
butterfly valve 718, As shown i the embodiment of Figire 7, butterfly valve 718 throtdes
4 vaowun provided by a downstremm vacuum pump (not shown).  However, in some
embodiments, pressure control of process station T may ako be adjusted by varving a

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

Figure & shows g schematic view of an embodimont of 2 multi-station processing
tool 00 with an inbouwdd load lock 862 and an cuthound load lock 884, either or both of
which may comprise a ramote plasima source. Such too! may be used for processing the
substrates using the methods provided beretin A robot 806, at aimospheric prossure, is
configured to move waters from a cassette loaded through 8 pod K08 into inbound load lock
802 via an atmospheric port SHEL A waler is placed by the robot 866 on a pedestal 12 m
the inbound load lock 802, the atmospheric port 81015 closed, and the lead lock is pumped
down. Where the inbound toad lock 802 comprises a remote plasma source, the waler may
be exposed o a remote plasma treatment i the foad lock prior to being mvoduced mio s
processing chamber 814, Further, the water also may be heated m the imbound toad lock 802
as well, for example, to romove moisture and adsorbed gases, Newt, a chamber transport
port 816 fo processing chamber 814 is opened, and another robot (not shown) places the
water into the reactor on a pedestal of 3 first station shown m the reactor for processing.
While the cmbodintent depicted in Figure & includes load locks, it will be appreciated that,

m some embodiments, direct enfry of a watir iInto a process station nay be provided.

The depicted processing chamber 814 comprises four process stations, sumbered
from 1 tr 4 in the cmbadinent shown wnFigure 8. Each station has a heated pedestal {(shown
at 818 for statton 1), and gas line indets. 1t will be appreciated that in some embodinients,
cach process station: may have different or mnltiple purposes. While the depicted processing
chamber 814 comprises fouwr stations, i1 will he understood that 3 proccssing chamber
according o the present disclosure may have any suitable number of stations. For example,
i some embodiments, a processing chamber niay have five or more stations, while in other

embodiments 3 processing chamber may have threeor fower stations.
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Figure H# also depicts an embodiment of a wafer handling system 390 for
transferring wafers within processing chamber $14. In some embodiments, water handling
system 890 may transfer wafers between vatious process stations andfor between a process
station and a load fock. Tt will be appreciated that any saitable wafer handhing system may

5 be eowployed. Non-laniting examples include wafer carcusels and wafer handling robots.
Figure 8 alao depicts an embodiment of a systern controlier 830 employved 1o control process
conditions and hardware states of proecess tood 30, System controlier 850 may mclude one
or more memory dovices 856, one or more mass stornge devices 854, and one or move
processors 852, Processor 852 may melude & CPU or computer, analog andior digital

W imput/output connections, stepper motor controller boards, ete.

In some embodiments, system controller 830 controls all of the activities of
process ool B0 System controller 830 executes system control software 838 stored i mass
storage device 854, loaded o memory deviee 856, and exccuted on processor 852, Systom

control software 838 may include mstructions for controling the tnung, mixture of gases,

575

chamber anddor station pressure, chamber andfor station temporature, parge conditions and
timing, waler tomperatare, RF power levels, R¥ frequencies, substrate, pedestal, chuck
andfor susceptar positton, sud other parameters of a particular process performed by process
tool B0, System controd software 838 may be configured i any suttable way. For example,
variogs process tool component sebrowtines or coutrol objeets may be writien to control
20 operation of the process tool components neeessary to carry oul vanous process ool
processes i accordance with the disclosed mwethods. System control software 858 may be

coded iy any switable computer readable programmung langoage.

In some embodiments, system congrol software 838 may molude mputioutput

control (10C) sequencing instractions for controlling the various pawrameters desertbed

25 above For example, cach phase of an ALD process may include one or niore insuctions
for cxecution by svstom controlier 850, The instructions for soiting process conditions for

an ALD process phase may be inchuded m 8 corresponding ALD reeipe phase. In some
embodiments, the ALD recipe phases may be sequentially mranged, so that all instnwetions

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

30 Other compater software andior programs stored on mass storage device 854
andfor memory device 856 associated with system controller 850 may be emploved in some

embodiments. Examples of programs or sections of programs for this purpose include a

<34



WO 2021/158633 PCT/US2021/016376

substrate positioning program, a process gas control program, a pressure control program, a

2

heater control program, and a plasma contrel progrant.

A substrate positioning program may include progrmn code for process tool

components that are used o load the sebstrate onto pedestal R1% and to control the spacing

LA

between the substrate and other paris of process tool BH3.

A process gas conirol progeam sy include code for controthing gas composition

and flow rates and optionally for flowing gas iifo one of mwore process stations prior o
deposition 1w order to stabilize the pressure in the process station. The process gas control
program may mehade code for conwolling sas composition and flow rates within any of the

10 disclosed ranges, A pressure control program may include code for controliing the pressure
i the process station by regulating, for example, a throttie valve in the exhaust systent of

the process station, a gas flow nto the process station, ete. The pressure control program

may inchude code for maintaiing the pressare i the process station within any of the

disclosed pressure ranges.

oo
L 2

A heater control program may mchude code for controliing the current to a heating
unit that 1s used to heat the substrate. Alternatively, the heater control program may control
delivery of @ heat travsfer gas (such as heltwm) to the substrate. The heater control progrmm
may inchide instructions o maintain the tomperature of the substrate within any of the

disclosed ranges.

20 A plasma control program may include code for setting RF power levels and
frequencies applied to the process electrodes 1 one or more process stations, for example
using any of the RF power levels disclosed herein. The plasma control program may also

include code for controlling the duration of each plasma exposure.

in some cmbodiments, there may be a user interface associated with system
25 controller 830, The user interface may include & display sereen, graphical software displays
of the apparatus andfor process conditions, and vser mput devices such as pointing devices,

kevboards, touch scroens, microphones, oic.

in some cmbodiments, parametors adjusted by systom controller 830 may relate o
process conditions. Non-limiting examples incluade process gas composition and flow rates,

30 temperature, pressure, plasma condiions {such as RF power levels, frequency, and exposuare
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time}, ete. These parameters may be provided to the user in the form of a recipe, which may

be entered atlizing the user mierface.

Signals for monitoring the process may be provided by analog and/or digital nput
comections of systom controller 850 from varioas process tool sensors. The signals for
controiling the process may be catput on'the analeg and digital ouiput connections of
process tool 800, Now-hinuting examples of process tool sensors that may be monitored
include mass fow controtlers, presswre sensors (such as manometers), thermocouples, ete.
Appropriately programmed feedback and control algorithms may be used with data from

those sensors (o mamiain process comditions.

The controller mav include program instructions for causing any of the steps of the
method described berein, In sine epbodimends prograns instructions include imstructions
for causing deposition of a portion of a silicon-containing lfaver inan sbsence of plasmain
one station of a reactor; transforring the substrate to a second station within the reactor and
depositing a sccond portion of the stlicon-containing laver in a plasma-enhanced deposition,
without exposing the substrate to atmospheric moisture and oxypen. In other embodiments
program structions for causing plasma-free deposition followed by plasma enbanced

deposition 1 one station of m apparatus are provided.

Any suitable chamber ny be ased to nplement the disclosed embodiments.
Example deposition apparatuses include, but are not limited to, apparatus from the Striker™
product fanuly, avaitlable from Lam Rescarch Corp., of Fromont, California, or any of a
variety of other commercaily avatlable processing systems, Two or move of the stations
may perform the samie functions, Similardy, two or more stations may pacform differam
functions. Each station can be designedivonfigared to pevform a particnlar functon/method

as desired,

Figure 9 15 a block diagram of a processing system suitable for conducting thin
film deposition processes i accordance with certain embodiments.  The system 900
tnchudes a wansfer module 903, The transfer module 903 provides a clean, pressurized
environmment © minmintze risk of contamination of substrates bemy processed as they are
moved between vavious reactor modules. Mowted ow the ansfor module 903 arc two
mmulii-station reactors 969 and 8140, cach capsbic of porforming atomic laver deposition

{ALD) according to certain embodiments.  Reactors 909 and 910 nuay inchade mwltiple
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stations 911, 915, and 917 that mmy sequentially or non-sequentially perform
operations m accordance with disclosed embodiments. The stations may include a heated

pedestal or substeate sapport, one or more gas nlets or showerhead or dispersion plate

Also mounted on the transfer modale 903 may be one or more single or malti-

LA

station nwodules 807 capable of performing plasma or chemical (nov-plasma) pre-cleans, or
any other processes deseribed inrelation to the disclosed methods. The modude 907 wmay in
some cases be wsed for varons treatments to, for example, prepare a substrate for a
deposition process.  The module 907 may also be designedfconfigured to perform various
ather processes such as clehing or polishing. The system 900 also includes one or more
16 wafer soarce modules 901, where wafers are stored before and after processing. An
atrnospheric robot (not shown) m the atmospheric transter chamber 919 may first remove
wafers from the source modules 901 to loadlocks 821, A wator transfer device {generally a
robot arm wnit) i the vansfer module ¥03 moves the wafers from loadlocks 921 to and

among the modules mounted on the transfer module 903,

15 fn vanous embodiments, & systarn controller 929 s eroployed to control process
conditions during deposition. The controller 929 wall typically inclade one or more memory
devices and one or more processors. A procsssor anay clade a CPU or computer, analog

andfor digital inputioutput connections, stepper motor controller boards, cte.

The controller 929 may contvol all of the activities of the deposition apparatiss.

20 The system controller 929 excentes sysiem contral software, including sets of istractions
for condrolling the tming, muxture of gascs, chamber pressuve, chamber tomprrature, wafer
temperature, radio freguency (RE) power Jevels, waler chuck or pedestal position, and other
parameters of a parpoular process. Other computer programs stored on moemory devices

associated with the controller 929 may be employed 10 some embodiments.

25 Typically there will be a user interface associated with the controller 929 The
aser interface may include a display sereen, graphical software displays of the apparatus
andfor process conditions, and user input devices such as pointing devices, kevboards, touch

sereons, mucrophones, ofc.

System control logie may be configured inomny suitable way. o general, the logie
M can be designed or confiuured i hardware andior software. The instructions for controlling
the drive circuiivy may be hard coded or provided as software.  The instructions may be

<X
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provided by “programmuing.” Such programming is understood o inchude logic of any form,
meluding bard coded logic i digital signal processors, application-specific integrated
circuits, and otheor devices which have specific algovithms tmplomented as hardware.
Programnung s also understood to inclade software or firmware isstroctions that may be
5 oxecuted on a general purpose processor. System control software may be coded in any

suifable computer readable programming language.

The computer program code for controlling the germanium-containing reducing

agent pulses, hyvdrogen flow, and tungstcn-containing precursor pulses, and other processes

HE & PrOCcess seiuence can be written in any conventional computer readable programming

10 language: for example, assembly language, C, O+ Pascal, Fortran, or others. Compiled

obicct code or seript s executed by the processor to perform the tasks dentified o the

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

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

process gas compostion and flow rafes, tomperature, prossure, cooling 9as prossure,

15 substrate teniperature, and chamber wall terperatwre. These patameters ave provided to the
user in the form of a recipe, and yoay be entered utilizing the user interface. Signals for
momioring the process may be provided by analog andfor digital input conmections of the
systemt controller 929, The stgnals for controlling the process are output on the analog and

cigital output connections of the deposition apparatus 93,

20 The systom software may be designed or configured in many different ways. For
example, various chamber component subroutines or control ohjects may be wiitten o
controd operation of the chamber components necessary o carry out the deposinon processes
(and other processes, in sowme cases) i accordance with the disclosed embodiments.
Examples of programs or sections of programs for this purpose include substrate positioning

25 code, process gas contral code, presswre control code, and heater control code.

{11 somie implementations, a controller 929 1z part of a system, which may be pant
of the above-desentbed cxamples. Such systems can include senmconductor processing
cquipment, meluding a processing tool or tools, chamber ov chambers, 3 platform or
platforms for processing, andfor specific processing compenents {a wafer pedestal, a gas

30 flow system, cte ). These systems may be integrated with clectronies for controlhing thewr

operation before, during, and after processing of a somiconductor wafer or substrate. The

X5
o)
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clectronics may be referred 1o as the “controller,” which may control various components
or subparts of the system or svstems.  The controlier 929, depending on the processing
regairements andfor the type of systeny, may be progranmmed to control any of the procésses
disclosed herein, including the delivery of processing gases, temperature settings (e,
heating and/or cooling), pressurc sefiings, vacuum setiings, power settings, radio frequency
(RF) generator settings i some systems, RF matching circeit seftings, frequency settings,
flow rate settings, fluid delivery settings, positional and operation sottings, wafer transfers
to and out of a tool and other transfer ools andfor load locks connected to or mterfaced

with a specific system.

Broadly speaking, the controller may be defined as electronics having various
mtegrated  cwawts, logie, memory, andfor software that recetve instructions, issue
mstnictions, control operation, enable cleaning operations, enable endpoint measurements,
and the like. The integrated cirauits may include chips m the form of firmware that store
program instructions, digital signal processars (DSPs), chips defined as apphication specific
itegrated civcuits {ASICS), andfor one or more microprocessers, of nucrocontrollers that
execute program mstructions {e.g., software). Program instructions may be instructions
comnmunivated to the controller in the form of various individual settings {or program files),
defining operational parameters for carrving owt a particular process on or for a
senconductor wafer or to a systemy. The operational parameters nwy, I some
embodiments, be part of a recipe defined by process engineers to accomphish one or more
processing steps during the fabrication of one or more lavers, materials, metals, oxades,

b

silicon, stlicon dioxide, surfaces, cireuits, andfor dies of a wafer,

The controller, in some implementations, may be a part of or coupled to a computer
that is ntegrated with, coupled to the system, otherwise networked fo the system, or a
combination thereof. For example, the controlier may be in the “cloud™ orall or a part of a
fab host computer system, which can allow for ramote access of the water processing. The
computer roay enable remote access to the system (o monitor current progress of fabnication
operations, examine a tustory of past fabrication operations, exanune trends or performance
metrics from 3 plarality of fabrication operations, to change parameters of qurent
processing, o st processing steps to follow a current processing, o 1o start 8 DOW Process.
In some examples, a remote computer {e.g. a scrver) can provide process rocipes (0 a system

over a mebwork, whuch may imclude 2 local notwork or the Internel. The remote computer
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may inclade a user iiterface that enables entry or progravonuing of parmeters andfor
settings, which are then commumcated to the system from the remote computer. In some
examples, the contrallor recoives instnuctions in the form of data, which specify parameaters
for cach of the processing steps to be performed during one or more operations. It should
be understood that the parmncters may be speeific o the type of process to be performed
and the type of ol that the controller i3 configured to interface with or control. Thus as
described above, the controlier nxay be distributed, such as by comprising one or muove
discrete controllers that are networked together and working towards a conunon purpose,
stch as the processes and controls described berein. An example of a distributed controller
for such purposes would be one of more mitsgrated circuits on a chamber bt conunanication
with one or nore indegrated arcuts located remotely {such as at the platform level or as part

of a remote computer) that combine to control a process on the chamber,

Without hnutation, example svstemms may wnclude a plasma etch chamber or
module, a deposition chamber or module, a spin~rinse chamber or wodule, 8 metal plating
chamber o wmodale, a clean chamber or modude, a bevel edge etch chamber or modide, a
physical vapor deposition (PVD) chamber or module, a chenucal vapor deposition (CVIR
chamber or module, an atonnc layer deposttron (ALD) chamber or module, an atonue layer
cteh (ALE) chamber or module, an jon implantation chamber or module, a wack chamber
or module, and anv other semiconductor processing systems that may be assoctated or used

in the fabrication andfor manafacturing of semiconductor wafers.

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

i a sennconductor manufacturing factory.

FURTHER IMPLEMENTATIONS

The apparates and processes deseribed herein may be used i conjunction with
lithographic pattenung tools or processes, for example, for the fabrication ov manufacture
of senuiconductor devices, displays, LEDs, photovoltaic panels, and the hke. Typically,

though not necessartly, such apparatus and processes will be used or conducted wgother in
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a conunon fabrication facility. Lithographic patterning of a fibm tvpically comprises some
or all of the following steps, each step enabled with a number of possible tosls: (1}
apphication of photoresist on a work picee, 1o, a substrate, using 2 spin-on or spray-on tool;
(2} curing of photoresist using 8 hot plate or furnace or UV cuning tool; (3) exposing the
phatoresist to vistble or UV or x-ray light with a tool such as a wafer stepper; (4 developing
the resist so as to selectively remove resist and therehy pattesn it asing & tood such as a wat
bench; (5) transferring the resist pattern into an underlying filim or work picee by using a
dry or plasma-assisted ctehing tool) and {6) removing the resist using a tool such as an RF

or nuerowave plasma resist stripper.
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CLAIMS

1. A method of forming a silicon-containing layer on a semiconductor substrate, the
method comprising:
(a) exposing the semiconductor substrate to a silicon-containing precursor in a
process chamber, wherein the silicon-containing precursor is a compound that has:
at least two Si-Si bond;
at least one Si-X bond, wherein X is selected from the group consisting
of a halogen, triflate, tosylate, CN, N3, and NRiR2, wherein Ri and R are
independently selected from the group consisting of H, and an alkyl, wherein R1 and
R: are either linked to form a cyclic ring structure or not linked; and
at least one Si-R bond, wherein R is selected from the group consisting
of H, and an alkyl;
(b) exposing the semiconductor substrate to a reactant in the process
chamber; and
(c) reacting the silicon-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) — (c¢) are performed at a temperature of at least 500 °C

2. The method of claim 1, wherein the reactant is an oxygen-containing reactant
and wherein (c) comprises reacting the silicon-containing precursor with the oxygen-

containing reactant in an absence of plasma to form a silicon oxide layer.
3. The method of claim 1, further comprising purging the process chamber
between exposures of the semiconductor substrate to the silicon-containing precursor

and the reactant.

4. The method of claim 1, wherein operations (a) — (c) are performed at a

temperature of at least 550 °C.

5. The method of claim 1, wherein the silicon-containing precursor is selected

from the group consisting of:
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RRR

R-Si-Si-Si-X
RRR , and

RRRR
R-Si-Si-Si-Si-X
R R R R | wherein each R is the same or different and is independently

selected from the group consisting of H, and C1-C3 alkyl.

6. The method of claim 1, wherein the silicon-containing precursor is selected

from the group consisting of: 1-diethylaminotrisilane, and 1-bromotetrasilane.

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

containing precursor does not include Si-H bonds.

8. The method of claim 1, further comprising repeating operations (a)-(c) until

the silicon-containing layer reaches a target thickness.

9. The method of claim 1, wherein the method comprises depositing a first
portion of the silicon-containing 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-containing precursor for both thermal and plasma-assisted deposition.

10. The method as in claim 1, wherein the silicon-containing layer is selected
from the group consisting of silicon nitride, silicon oxynitride, silicon carbide, and

silicon oxycarbide.

11. The method of claim 1, wherein the silicon-containing precursor is SinR@n+1)X,
wherein n is selected from 2 to 10, and wherein each R is the same or different and is
independently selected from the group consisting of H, an alkyl, an alkenyl, and an

alkynyl.

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

least one silicon atom that is part of a cycle.
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13. The method as in claim 1, further comprising:
applying photoresist to a semiconductor substrate;
exposing the photoresist to light;
patterning the photoresist;
transferring the pattern to the semiconductor substrate; and
selectively removing the photoresist from the semiconductor substrate.

14.  An apparatus for depositing a silicon-containing layer on a semiconductor

substrate, the apparatus comprising:

a process chamber configured for housing the semiconductor substrate, wherein
the process chamber includes an inlet for introduction of a silicon-containing precursor;
and a controller comprising program instructions for causing deposition of the
silicon-containing layer on the semiconductor substrate in accordance with the method

of claim 1.
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