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(57) Abstract: Disclosed are silicon containing compounds and their use in vapor deposition methods of hafnium silicate films hav-
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SIICON CONTAINING COMPOUNDS
FOR ALD DEPOSITION OF METAL SILICATE FILMS

Cross-Reference to Related Applications
This application claims benefit under 35 U.S.C. § 118{e) lo provisional
application No. 61/588,818, filed January 18, 2012, the entire contents of which
are incorporated herein by reference.

Technical Field
Disclosed are silicon containing compounds and their use in vapor
deposition methods of metal silicate films having a desired silicon concentration.
More particularly, deposition of hafnium silicate films by atomic layer deposition
using moisture and the disclosed silicon containing compounds produce films
having a desired silicon concentration.

Background

One of the challenges the semiconductor industry faces is developing new
gate dielectric materials for DRAM and capacitors. For decades, silicon dioxide
{5100} has been a reliable dielectric, but as transistor size continues to shrink and
as technology moves from “Full SI” transistor {o "Metal Gate/High-k” transistors,
the reliability and capability of the 8i0x-based gate dielectric is reaching its
physical limits. One solution is o use other materials, such as hafnium-based
metal oxides and namely hafnium silicates, for gate dislectrics. it is in this context
that these high-k materials (so-called because of their high dielectric constant) can
be made much thicker than SI0, while achieving the same gate capacitance.
High-k materials may also be used as an interlayer insulating film or spacer film.

One method of forming gate dielectrics, interlayer insulating fiims, and
spacer films is ALD (Atomic Layer Deposition), which has been identified as an
important thin film growth technique for microelectronics manufacturing. ALD
relies on sequential and saturating surface reactions of alternatively applied

precursors, separated by inert gas purging. The surface-controlled nature of ALD
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enables the growth of thin films of high conformality and uniformity with an
accurate thickness control,

HfO: may be sasily deposited by ALD using various reactants such as
ozone, oxygen, or moisture. However ALD deposition of HfO- with ozone results
in oxidation on the substrate during the ozone pulse (the ‘interface layer’), which
dramatically affects the electrical properties of the resulting film. Many attempts
have been made fo suppress the oxidation of the silicon substrates. One such
attempt has been to use moisture instead of ozone in the ALD process. However,
the use of moisture for ALD deposition of silicon containing films has proven to be
challenging. Additionally, deposition of hafnium silicate films having low silicon
concentration has also proven challenging. See, e.g., WO2011/031581 to Waijda
and Besancon et al., Abstract #1546, 218" ECS Mesting of the Elsctrochemical
Socisty 2010.

A need remains to be able to control the amount of silicon in hafnium

sificate films deposited by ALD using moisture.

Motation and Nomenclsture

Certain abbreviations, symbols, and terms are used throughout the
following description and claims and include:

The standard abbreviations of the elements from the periodic table of
elements are used herein. |t should be understood that elements may be referred
to by these abbreviations (e.g., Si refers to silicon, Hf refers o hafnium, Zr refers
to zirconium, Pd refers to palladium, Co refers fo cobalt, stc),

As used herein, the term “independently” when used in the context of
describing R groups should be understood fo denote that the subject R group is
not only independently selected relative to other R groups bearing the same or
different subscripts or superscripts, but is also independently selected relative to
any additional species of that same R group. For example in the formula
HxSH{NRz ), where x 8 2 or §, the two or three R groups may, but nead not be
identical to each other. Further, it should be understood that unless specifically
stated otherwise, values of R groups are independent of each other when used in
different formulas.
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As used herein, the term “alky! group” refers to saturated functional groups
containing exclusively carbon and hydrogen atoms, which may be linear,
branched, or cyclic. Examples of linear alkyl groups include without limitation,
methyl groups, ethyl groups, propyl groups, butyl groups, ete. Examples of
branched alky! groups include without limitation, isopropy! and t-butyl. Examples
of cyclic alkyl groups include without limitation, cyclopropy! groups, cyclopenty!
groups, cyclohexyl groups, etc. As used herein, the abbreviation “Me” refers to a
methyl group; the abbreviagtion “Et” refers to an ethyl group; the abbreviation “Pr’
refers to a generic propyl group; the abbreviation “nPr’ refers to a n-propyt group:
the abbreviation "IPr” refers to an isopropy! group; the abbraviation “By”
genericaily refers to butyl group; the abbreviation “nBu” refers to a n-butyl group;
the abbreviation “iBu” refers to an iscbutyl group; the abbreviation “iBy” refers fo
tert-butyl; the abbreviation “sBu" refers fo sec-butyl; the abbreviation “Am”
generically refers to amyl (amyl=pentyl}; the abbreviation “nAm” refers to n-amyl;
the abbreviation “iAm” refers to isoamyl; the abbraviation “tAm” refers to tertiary
amyi (also known as tert-amyl or neopentyl); the abbreviation Cp refers to
cyclopentadienyl; and the abbreviation "morph” or “morpholing” refers to the cydlic
structure:

/N
SN 0O

Summary of the Invention
Disclosed are silicon containing compounds having the formula

H.SINR'R?),, wherein x=1 or 2; R' is selected from the group consisting of
isobutyl, nbutyl, secbutyl, and tertiary-amyl; and R® is H or a C1-C6 alkyl group.
The disclosed silicon containing compounds may have one or more of the
following aspects:

g X=1;

s X=2;

« R'and R? being isobuty!;

s R and R? baing nbutyl;
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R’ being isobutyl;

R being sechutyi;

R being nbutyl; and

R being selected from the group consisting of Me, Et, iPr, and nPr.

Also disclosed are silicon containing compounds having the formula

HySi{morpholing)q.,, wherein x= 2 or 3.

Also disclosed are silicon containing compounds having the formula Ha,.

ySi{morpholina){NR'R?),, whereinx= 1,2, 3y =1, 2, 3; x+y £ 4; and R and R
are independently H or a C1-C8 alkyl group. The disclosed silicon containing

compounds may have one or more of the following aspects:

®

&

&

x=fandy=1;
x=1andy=2;
x=tandy=3
x=2andy=1;
Xx=2Z2andy=2;
x=3andy=1;

R' and R? being isobutyl:

R' and R? being nbutyl;

R being isobutyi;

R' being sechutyl;

R' being nbutyl:

R? being selected from the group consisting of Me, Ei, iPr, and nPr; and

R’ and R? being selected from the group consisting of Me, Et, iPr, and nPr.

Also disclosed are atomic layer deposition (ALD) methods to provide a

hafnium silicate film having a desired silicon concentration. A hafnium containing

precursor is introduced into a chamber containing one or more substrates. At

least part of the hafnium containing precursor is adsorbed on the one or more

substrates to produce an adsorbed hafnium containing layer. A sificon containing

precursor is selacted o provide a desired concentration of silicon in the hafnium

silicate film. The selected silicon containing precursor is infroduced into the

chamber to react with the adsorbed hafnium containing layer to provide the

hafnium silicate film having the desired silicon concentration. The silicon
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containing precursor may be any of the silicon containing precursors disclosed
above. The disclosed methods may include one or more of the following aspects:

» infroducing a reactant into the chamber after the chemisorption of at least
part of the hafnium containing precursor;

« introducing a reactant into the chamber after infroducing the selected
sificon containing precursor;

s  introducing a reactant into the chamber after the chemisorption of at least
part of the hafnium containing precursor and after introducing the selected
silicon containing precursor;

s the reactant being Hx(;

+ increasing a ratio of hafnium containing precursor to silicon containing
precursor to further decrease the silicon concentration;

s annesling the hafnium silicate film;

= the silicon containing precursor selected being bis{diiscbutylamino)siiane
and the desired silicon concentration being between approximately 7
atomic % and approximately 50 atomic %;

s the silicon containing precursor selected being bis(di-n-butylamino)silane
and the desired silicon concentration being between approximately 18
atomic % and approximately 44 atomic %;

« the silicon containing precursor selected being bis(disthvlamine)silane and
the desired silicon concentration being between approximately 39 atomic %
and approximately 56 atomic %;

= the silicon containing precursor selected being bis{diisopropylamine)silane
and the desired silicon concentration being between approximately 21
atomic % and approximately 87 atomic %; and

+ the silicon containing precursor selected being
bis(isopropyltertbutylamino}silane and the desired silicon concentration
being between approximately 15 atomic % and approximately 40 atomic %.
Also disclosad are methods of decreasing a silicon concentration in a

hafnium silicate film by Increasing a carbon chain length in a silicon containing
compound having the formula H,SINR'R?),,, wherein x is 1 or 2 and R' and R®

are independently selected from the group consisting of H, Me, Et, nFr, iPr, nBu,
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iBu, 1By, sBu, and tAm. The disclosed methods may have one or more of the
following aspects:

s introducing a reactant into a chamber after chemisorption of at least part of
a hafnium containing precursor;

» introducing a reactant into a chamber after introducing the silicon
containing compound;

+ infroducing a reactant into a chamber after chemisorption of at least part of
a hafnium containing precursor and after introducing the selected silicon
containing compound;

s the reactant being H0;

= increasing a ratio of hafhium containing precursor to silicon containing
compound to further decrease the silicon concentration;

« the silicon containing compound selected being bis{diiscbutylamino)silane
and a desired silicon concentration being between approximately 7 atomic
% and approximately 50 atomic %;

= the silicon containing compound selected being bis(di-n-butylamino)silane
and a desired silicon concentration being between approximately 18 atomic
% and approximately 44 atomic %;

= the silicon containing compound selected being bis{diethviamino)silane and
a desired silicon concentration being between approximately 38 atomic %
and approximatsly 56 atomic %;

= the silicon containing compound selected being bis(diisopropylamingsilane
and a desired silicon concentration being between approximately 21 atomic
% and approdimately 57 atomic %; and

¢ the silicon containing compound selected being
bis{isopropyltertbutylamino)silane and a desired silicon concentration being

betwesen approximately 15 atomic % and approximately 40 atomic %.

Brief Description of the Drawings
For a further understanding of the nature and objects of the prasent
invention, reference should be made o the following detailed description, taken in
conjunction with the accompanying graphs, and wherein:
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FIG is a graph showing the deposition rate and refractive index of the
hafnium silicate film versus bis{diisobutylamino)silane pulse time.

Detailed Description of Preferred Embodiments

Disclosed are silicon containing compounds, methods of synthesizing the
same, and methods of using the same.

The disclosed silicon containing compounds have the formula
H,SINR'R%),.,, wherein x=1 or 2; R is selected from the group consisting of
isobutyl, nbutyl, secbutyl, and tertiary-amyl; and R% is H or a C1-C8 alky! group.
The C1-08 alkyl group includes any linear, branched, or cyclic alky! groups having
from 1 {0 6 carbon atoms, including but not limited to Me, 1By, or cyclohexyl
groups. inone allernative, x Is preferably 2. In another alternative, x is prefoerably
1. R?is preferably Me, Et, iPr, nPr.

Also disclosed are silicon containing compounds having the formula
HSi{morpholinc o, wherein x= 2 or 3.

Also disclosed are silicon containing compounds having the formula M
ySiimorpholino ), (NR'RY),, whersinx= 1, 2, 3;y =1, 2, 3; xty £ 4; and R’ and R?
are independently H or a C1-C8 alkyl group.

The disclosed silicon containing compounds were selected to provide a
metal silicon film in an atomic layer deposition process using HO as a reactant.
The metal may be Ti, Zr, or Hf. The disclosed silicon containing precursors
contain long alkyl chains having 4 carbons or more. The long atkyl chains hinder
chemisorption and therefore reduce the silicon content in the resulting sificon
containing films.

Exemplary silicon containing compounds include
HSIN'Bug)s, HSIN"BUR)s, HSINBu,)s, HSINAML)s, HSHN"Am,)s,
HSIN"Hexylo)s, HSINHBuU),, HSINH"BU)s, HSINH™Bu)s, HSI(NH!AM);,
HSI(NH"Am};, HSI(NH Hexyl)s, HSI{NMe'Bu)s, HSINMe"Bul;, HSI{NMa**RBu)s,
HSINMe'Am)s, HSINMa"Am);, HSINMe" "Hexyls)s,

HSINETBuU):, HSINEBu)s, HSINEP™Buls, HSINETAM), HSINEAm);,
HSINE Hexyhk }s, HSINIPIBu);, HSHNIPrBuU)s, HSINIPE®Bu, HSINIPrAM);,
HSI{NIPr Am);, HSI(NIPr Hexyl ), HSINPrBu):, HSIN"PrBuls, HSINPreBu);s,
HSIN"Priam),, HSIIN"PPAmM)z, HSIN P Hexyly)s, HSINBUBU),, HSIINBU By,
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HSINBU ™ Bujs, HS{NBu'Am)s, HSINBU AM)s, HSINBU Hexyb),
HSIN"BU'BuU,, HSIN'BUBu)s, HSHN"BU*Bu);, HSIN'BUAM)s, HSHN'BU Am)s,
HSIN"Bu"Hexyly)s, HSIN®*BUBU);, HSIN™BU"BU),, HSIN S BUS Bu),,
HSIN*Bu'Am);, HSIN*BU"Am)s, HSKNBu Hexyla)s,

HSIIN'BUBu)s, HSI(N'BU"Bu)s, HSIN'BU *Bu)s, HSIN'BuAm)s, HSI(N'BU Am),,
HSIN'BU Hexyl)s, HSIN"AMBu)s, HSN"AM"Bu)s, HSHN"AMBu),,
HSIN"Am'Am)s, HSI(N"Am" Am), HSIN"Am Hexyl,)s,

HSIN'AMBu);, HSINAM Bu),, HSNAMSBY);, HSINAM'AM);, HSINAM Am)s,
HSIN'Am Hexyl)s, HSIN'AMBu)s, HSIIN'AMBu)s, HSI(N'AM®™ Bu),,
HSIN'AmM'Am)s, HSINAmM Am)s, HSI(Nm Hexyl)a,

HSIN HexyBu)s, HSIN"Hexyl"Bu)s, HSI(N"Hexy™°Bu)s, SIN"Hexyl'am)s,

HSI(N Hexyl"Am)s, HSI(N Hexyl"Hexylz)a,

HSIN"Buzla{N'Buy), HSIN®Bugb{NBug), HSIIN'AmL{NBu),

HSIN"Amg )o{(N'Buz), HSIN Hexyl)2(N'Bu,), HSINHBuU)(NBuy),

HSI(NH Bu)(NBu,), HSINHBUL{NBu,), HSINHAML{NBu,),
HSINH"AM)(N'Bug), HSINH "Hexyhx(N'Buy), HSINMe'Bu)o(N'Buy),
HSENMe "Buk(N'Bug), HSNMe *Bu)x(NBu,), HSINMe'Am(NBuy),
HSI{NMe"Am}(NBug), HSINMe "Hexyls)o(NBuy),

HSHNEBUR(NBuy), HSINEBUR(NBuU,), HSINESBUL(NBuU,),
HSH{NE'AM){NBug), HSIINEAm){NBuy), HSHNE Hexylh (N Bu,),
HSINIPFBU)(N'Bug), HSINIPIBu)(NBuz), HSINIPrrBuL(N'Bu,),
HSINIPrAmM)ANBuy), HSNIPF AM){(NBuy), HSINIPr Hexyl):{(NBuy),
HSINPrBUR{NBuy), HSN"PrBu){NBu,), HSINPA Bulk{NBu,),
HSIN"PEAMRL(NBuUy), HSIN'PPAM{NBU,), HSIN'Pr Hexvl b(NBus),
HSI(NBUBU){NBug), HSINBU"BURL(NBuUy), HSINBU ™ Bul{NBu,),
HSINBU'AML(NBuz), HSINBU AmM{(N'Bu,), HSINBU Hexyh){(NBuy),
HSIN"BUBUR(NBu), HSIN"BU"Bu)o(N'Buy), HSI(N"'BUSBuU){NBuy),
HSIN"BU'AM)(N'Bug), HSKN"Bu"Am)o(N'Buy), HSIN"Bu Hexyl):(NBuz),
HSHN*BUBUR(NBu,), HSIN®*Bu"Bu){N'Buy), HSINBuS*Bu)(NBu,),
HSIN>*“Bu'Am)(N'Buy), HSIN®Bu"Am)x(NBuy), HSI(N**Bu"Hexyl {NBus),
HSKN'BUBuU)(NBU.), HSINBUBUlNBuU.), HSINBU™BUR(NBu,),
HSHN'BU'AMRL(N'Bu), HSI(N'BU"AM):{(NBuy), HSINBU Hexyl L(N'Bu,),
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HSIN"AMBuR(NBup), HSNAM Bu(N'Buy), HSIN A Bul{NBu,),
HSIN"Am'Am)z(N'Buy), HSIIN'AM Am)(N'Buy), HSIIN"AM Hexyl (N Buy),
HSINAMBuR(N'BL,), HSINAM BUL(NBU,), HSNAM Bu)(NBu,),

HSIN Am'Am)(NBug), HSIINAm"Am)(N'Bug), HSINAM Hexyl (N Bu,),
HSIN'AMBuR(NBu,), HSIN'AM Bu){N'Buy), HSIN'AM  Bu)y(N'Bu,),
HSIN'AM'AM)(NBu.), HSIN'AM " Am)(N'Bug), HSIN'AmM Hexyl, b(NBuy),
HSi(N"HexyBu)(N'Bug), HSI(N"Hexy"Buj(N'Bug), HSIN Hexy***Bu),(NBuy,),
Si{N"Hexyl'Am)z(N'Bug), HSIN Hexyl"Am)o(N'Buy), HSIN"Hexyl Hexvil{(NBu,),

HaSi(NBuz)z, HzSN"Buz)z, HaSHN®®Bug)p, HaSIN'AML), HoSIN"Am,).,
HaSIN"Hexylo)s, HaSINHBu),, HoSHNHBUY, HoSINHBu),, HaSINHAM),,
HaSINH"Am)z, HoSi(NH"Hexyl)s, HoSHNMe'Bu),, HoSi(NMe"Bu),
HzSi(NMe™“Bu),, HoSi{NMe'Am),, HSINMe"Am},, HoSi(NMe Hexyll,
HySNE(Bu), HaSINERBu),, HaSHNEF®Bu),, HoSNELAM),, H,SINEAm),,
HaSINE Hexyl)z, HaSKNIPrBu)s, HoSINIPIBuU)2, HaSINIPE Bu),,
HeSINIPrAm);, HaSINIPPAm),, HoSINIPO Haxyll, HaSiN'PPBU,,
HoSIN"PrBule, HoSN"PR BU), HaSKN"PrAM),, HoSHN'PFAM),,
HoSiNPriHexyll,, HoSKNBU'BU)z, HaSINBU"BuU),, HaSUNBU Buy),,
HzSINBu'Am)p, HoSINBU"AmM),, HoSIINBu Hexyl), HSIN"BUBu),,
HzSI(N"BU"Bu)z, HoSi{N"BUSBuU,, HaSIN"BU'AM)z, HaSIN"BU Am),,
HzSIN"Bu"Hexyl),, HeSUNBUBu), HoSIN"BU"Bul,, HaSINBu**Bu),
HoSIN**Bu'Am)s, HaSINBu"Am),, HaSINS Bu Hexyl)s, HoSIN'BUBU),,
HSEN'BU"Bu)p, HaSHNBU™ Bu),, HaSINBUAM)., HSINBUAm),,
HSINBuU Hexyl)z, HS(N"AMBu),, HaSINFAM B, HaSIN"AM™By),,
HSHN"Am'Am, HSIN"Am Am)z, HaSi(N"Am Hexyl), HeSN'AMBU),,
HaSINAM Bu, HSINAM®™ B, HaSINAMAM),, HaSKNAM Am),,
HeSIN'Am Hexylls, HaSIN'AMBuU),, HoSINAM Bul,, HoSINAM By,
HaSI(N'AmYAm),, HoSINAm"Am), HaSi(N'AM Hexyl)y, HoSHN"HexylBu),,
HaSi(N"Hexyl"Bujs, HzSIN"HexyP*Bul,, H:SI(N"Hexyl'Am)z, HaSiN"Hexyl"Am),,
HaSHN"Hexy"Hexyl)s,

HzSHNBuz)NBuPr), HaSN"Bu XNBUP), HaSIN®“Bu, XNBU'Pr),
HoSIN'AM )(NBUPY), HoSIN"Am)(NBUPr), oSN Hexylb XNBuPr),
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HaSIINHBUYNBUPR), HoSINH'BUYNBUPT), H;SINH*Bu){N'BU'Pr),
HeSI(NHAMYNBUP), HaSiNHAMNBUPY), HoSINH HexylXNBuU'Pr),
HySiNMeBulN'BU'Pr), HoSi(NMe"Bu)(NBUP), HaSi(NMeS*Bu)(NBUPr),
HaSiNMe'AmYN'BUPr), H;SINMe Am}NBUPr), HaSNMe Hexyl)N'BuPr),
HoSINEFBU}NBUPY), HSINEBU)(N'BUPY), H SINEP“Bu)}(NBUPD,
HoSINEEAMYNBU'PY), HSINErAMYNBUPY), HSINEHexyl(INBUPY),
HaSI(NIPPBU)(NBUPr), HoSIKNIPrBU)N'BUP), HaSINIPr Bu)(NBuU'PY),
HaSINIPPAMYNBUPY), HoSINIPPAMNBUPY), H SItNIPF Hexy)(NBu'PP),
HeSIN"PBUYNBUPY), HuSIN"PIBU)NBU'Pr), HoSN PrreBu)(NBuPr),
HeSHNPrAMINBUPY, HSIN'PRAMNBUPY), HoSiN"Pr Hexy (NBUP,
HoSINBUBUYNBUPY), HSINBUBUXNBUPr), HoSINBU S BuYNBUPr),
HaSNBUAMYNBUPT, HoSINBUAMNBUPY), HSINBU Hexy (N BUPr,
HoSi{N"BUBUYNBUPr), H:SN"BUBUXN'BUPT), HSIN"BU BUYNBUP),
HySIN"BU'AMYNBUPE), HySINTBUTAMYNBUPY), HoSiN"BU Hexy(NBUPr),
HaSIN*BUBU}{NBUPr), HaSIN*BU"BUYNBUPr), SN BU™“Bu}(N'BUPr),
Ha SN "Bu'AMYNBUPT), HeSHNBu"AmNBUPr),
HaSIN*Bu"Hexy(N'BUPY), HSENBUBUXNBUPY), HoSINBUBU)NBUPH,
HSINBUS BU}NBUP), H:SINBUAMNBUP, HSINBUAMNBYRY,
HaSi(N'Bu Hexyl)(NBUPr), HaSIN"AMBUNBUPY), HaSiN"AMPBU)INBUPY,
HzSIN"AM* Bu)(N'BU'Pr), HoSIIN"AmAmYNBUP), H:SIN'AM AMNBLPY),
HaSHNTAM HexyDINBU'Pr), HSINAMBW(INBUPY, HSiNAM Bu)(N'BUPY,
HeSIINAMPBu}NBUPr), HSINAMAMNBUPT), H.SNAM AMNBUPY),
HaSINAM Hexy(NBU'P), HaSiN'AMBUYNBUPY), HSINAM BU)NBUPY),
HaSi{N'Am™ Bu}{NBUPr), HoSINAMAMKNBUP), HaSKNAm AmXNBUPY,
HaSiN'AM HexyINBU'Pr), HaSIN"HexylBu)(NBU'Pr),
HzSi(N"Hexyl"Bu)}N'Bu'Pr), HaSHN HexyI®™ Bu)N'Bu'Pn,
HzSI(N"HexylAm)(N'BuPr), oSN Hexy"Am)(NBUPT),

HoSiN"Hexyl"Hexyl {N'Bu'Pr),

HSi(morph}(N'Buy)s, HS(morph)(N"Bug):, HSI(morph)(N**Bu,)s,
HSKmorph)(N'Amg)s, HSI{morph){N"Amg)s, HSi{morph){N"Haxylb ),
HSi{morph){NH'Bu);, HS{morph)(NHBu):, HSI{morph)(NHBu).,
HS{momph)NHAmM):, HSKmorph}{(NH"Am},, HS(morph{NH"Hexyl,
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HSi(morph)(NMe'Bu):, HSi(morph)(NMe"Bu);, HSi(morph){(NMe®*Bu),,
HSi{morph){(NMe'Am)., HSmorph)}(NMe"Am)., HSi{morph)}(NMe Hexyl):,
HSi(morph)(NEtBu), HSI{morph)(NE'Bu):, HSi(morph){NEL*Bu),,
HSH{morph){NEtAm):, HSi{morph)}(NE"Am)., HSI{morph}NEt Hexyl):,
HSi(morph)}(NiPrBu),;, HSi{morph)(NIPMBU):, HSKmorph)(NiPrS®Bu);,
HS{morph){(NiPrAm):, HS{morph)(NiPrAm):, HSiimorph}{NiPr" Hexyi)s,
HSHmorph)(N"PrBu)s, HSi(morphy(N"PrBul:, HSI{morph)(N"Pre*°8u);,
HSi{morph)N"Pr'Am)., HSi{morph){(NPrAm),, HSi{morph){N"Pr Hexyl):,
HSi(morph)(NBuU'BU):, HSi{morph}N'Bu"BuU)z, HSI(morph)Y(NBu**Bu)s,
HSi{morph){N'Bu'Am),, HSi(morph}N'Bu"Am):, HSi{morph)}{(N'Bu"Hexyl).,
HSi{morph}(N"Bu'Bu):, HSI{morph}N"Bu"Bu):, HSi{morph)}(N"Bu**°Bu),,
HSi(morph)(N"Bu'Am}),, HSKmorph)}N"Bu"Am):, HSi{morph)(N"Bu"Hexyl).,
HSi(morphy{N**Bu'Bu)y, HSi(morph)}{NS**Bu"Bu):, HSI{morph){(NSBu™*°Bu).,
HSI(morph)(N>*Bu'Am)z, HSI(morph)(N***Bu"Am);, HSi(morph)(N**Bu"Hexyl)s,
HSi(morph)N'BuBu):, HSi{morph)(N'Bu"Bu):, HSi(morph)}(N'Bu Bu),,
HSi(morph)N'Bu'Am)., HSi(morph)(N'Bu"Am);, HSi{morph)XNBuU Hexyl):,
HSi(morph)N"Am'Bu):, HSiimomph)(N"Am"Bu):, HSi(morph)(N"AmS™Bu).,
HSi{morph)(N"Am'Am),, Si{imorph)(N"Am"Am), HSi{morph)}N"Am Hexyl).,
HSi(morph)N'AMBu):, HSi{morph)(N'AmM Bu),, HS{morph}N'AM**Bu).,
HSi(morph){N'Am'Am)., HSi{morph}{N'Am"Am)s, HSiimorph)}{(N'Am Hexyl)s,
HSi{morph}N'AmBu)z, HSi(morph){(N'AM"Bu):, HSi{morph)(N'AM™Bu),
HSi(morph)(N'Am'Am);, HSimorph)(N'Am"Am):, HS{morph)XN'Am Hexyl):,
HSi(morph)(N"HexyBu):, HSi(morph)N"Hexy"Bu):, HSi(morph){N"Hexy®™* Bu).,
Si{morph){N"Hexyl'Am),, HSmorph){N"Hexyl"Am) .,
HSi{morph){N"Hexyl"Hexyl):,

HSi(morph):(N'Bug), HSi(morph)(N"Buy), HSi(morph) «(N***Buy), HSi{morph)
{(N'Amy), HSi(morph) {N"Amy), HSi(morph) o N"Hexyl,), HSi{morph) (NHBu),
HSi{morph) o(NH"Bu), HSi{morph) «(NH*°Bu), HSi(morph) (NH'Am), HSi{morph)
A NH"AmM), HSi(morph) o{NH Hexyl), HSi(morph) :{(NMe'Bu), HSi{morph)
{NMe"Buy), HSi{morph) :(NMe***Bu), HSi(morph) y(NMe'Am), HSilmorph)
+{NMe"Am), HSimorph) o(NMe"Hexyl), HSi(morph) 2(NEtBu), HSi(morph)
{NEt"Bu), HSi{morph) o(NE*°Bu), HSi{morph) x{NEt'Am), HSi{morph) o(NEt"Am),
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HSi{morph) (NEt"Hexyl), HSi{morph) o(NiPrBu), HSImorph) A NiPrBu),
HSi{morph) o NIPS*Bu}, HSiimorph) (NiPram), HSi{morph) NIPrmAm),
HSi{morph) {(NiPrHexyl), HSiimorph) A(NPrBu), HSi{morph) {NPrBu),
HSi{morph) A NPr®°Buj, HSi(morph) {(N"PriAm), HSi{morph)«(N"Pr"Am),
HSi{morph) A{N"PrHexyl), HSi{morph) :(NBUBU), HSi{momph) J(NBU"Ru),
HSi{morph) (NBU**Bu), HSi{morph) :(N'Bu'Am), HSi{morph) «(N'Bu"am),
HSi{morphR(NBu"Hexyl), HSiimorph) o(N"BUBU), HSimorph) (N"Bu"Bu),
HSi{morph) {N"BU*°Bu), HSi(morph) :(N"Bu'fum), HSi(morph} J{N"Bu"Am),
HSi{morph):(N"Bu"Hexyl), H3{morph) :{(N***Bu'Bw), HSi{morph) N**Bu"Bu),
HSi(morph) {N**Bu**Bu), HSi{morph) :{N*Bu'Am), HSi{morph) J{N**Bu"Am),
and HSi{morph) A N*Bu"Heaxyl).

When films having low silicon concentrations are desired, the silicon
containing precursor is preferably HoSHNBug), HiSIIN"Bug)k, or HoSKNPrBus),.
When films having high sificon concentrations are desired, the silicon containing
film is preferably H:SiNPr): and HaSENEG),.

The disclosed precursors may be synthesized by reacting H,SiX,, wherein
Xis F, Ci, Br, or {, with 2 equivalents of LINR;, with R being R' an R® as defined
above or morph, 1o produce HxSH{NRy): and HSI(NR; ), as shown below, or
HoSi{morph, and HSKmorphla:

b2 eq. LR,
HpSi, — o HpSI{NRe) + HSI(NRy)s
|

R = Me, Ef, iPr, PrAtiBu, iBu, nBu, amyl, tmp
The product mixture varies depending on R group.

Alternatively, the disclosed precursors may be synthesized by reacting
HaSDX,, wherein X is F, Cl, Br, or |, with 2 equivalents of HNR;, with R being R an
R? as defined above or morph, to produce H2SHNRIX or HeSimorph)X.
HoSHNRIX or HeSi{morph )X is then reacted with 2 equivalents of HNR, to
produce HaSI{NR; ), or H;Si{morphlz. The reaction scheme is llustrated below
with R = iPr.

A 2eq HNR, 2 eq. HNR,

T Rer = HaSN'Pr ) . > H,Si{NPr, L

H,Si

A

12



10

15

20

25

30

WO 2013/109401 PCT/US2012/072051

Additional synthesis details are provided in the Examples.

Also disclosed are methods of using the disclosed silicon containing
compounds for vapor deposition methods. The disclosed msthods provide for the
use of the silicon containing compounds for deposition of silicon containing films.
The disclosed methods may be useful in the manufacture of semiconductor,
photovaltaic, LOD-TFT, or flat panel type devices. The methods include: providing
a substrate; providing a vapor including at least ons of the disclosed silicon
containing compounds: and contacting the vapor with the substrate (and typically
directing the vapor {o the substrate} {o form a silicon containing laver on at least
one surface of the substrate.

The disclosed silicon containing compounds may be used o deposit silicon
containing films using any deposition methods known {o those of skill in the arl.
Examples of suilable deposition methods include without limitation, conventional
chemical vapor deposition (CVD), low pressure chemical vapor deposition
{(LPCVD), atomic layer deposition (ALD), pulsed chemical vapor deposition (P-
CVD), plasma enhanced stomic laver deposition (PE-ALD), spatial ALD, or
combinations thereof, Preferably, the deposition method is ALD, spatial ALD, or
PE-ALD.

The vapor of the silicon containing precursor is infroduced info a reaction
chamber containing at least one subsirate. The temperature and the pressure
within the reaction chamber and the temperature of the substrate are held at
suitable condilions so that é@niact between the silicon containing precursor and
substrate results in formation of a Si-containing layer on at least one surface of
the substrate. A reactant may also be used o help in formation of the Si-
containing layer.

The reaction chamber may be any enclosure or chamber of a device in
which deposition methods take place, such as, without limitation, a parallel-piate
type reactor, a cold-wall type reactor, a hot-wall type reactor, a single-wafer
reactor, 8 multi-wafer reactor, or cther such types of deposition systems. All of
these exemplary reaction chambers are capable of serving as an ALD reaction
chamber. The reaction chamber may be maintained at a pressure ranging from
about 0.1 mTorr to about 100 Torr, preferably from about 0.1 Torr to about 10
Torr. in addition, the temperature within the reaction chamber may range from
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about 150°C to about 400°C, preferably from about 200°C to about 350°C. One
of ordinary skill in the art will recognize that the temperature and pressure may be
optimized through mere experimentation to achieve the desired result.

The temperature of the reaction chamber may be controlied by either
controlliing the temperature of the substrate holder or controfling the temperature
of the reactor wall. Devices used to heat the subsirate are known in the art. The
reactor wall may be heated to a sufficient temperature to obtain the desired film at
a sufficient growth rate and with desired physical state and composition. A non-
fimiting exemplary temperature range to which the reaclor wall may be heated
includes from approximately 200°C to approximately 800°C. When a plasma
deposition process is utilized, the deposition temperature may range from
approximatsly 150°C {o approximately 350°C. Allernatively, when a thermal
process is performed, the deposition temperature may range from approximately
200°C to approximately 400°C.
| Alternatively, the subsirate may be heated fo a sufficient temperaturs fo
oblain the desired silicon containing film at a sufficient growth rate and with
desired physical state and composition. A non-limiting exemplary temperature
range o which the substrate may be heated includes from 150°C 1o 800°C.
Preferably, the temperature of the subsirate remains less than or equal to 400°C.,

The type of substrate upon which the silicon containing film will be
deposited will vary depending on the final use intended. in some embodiments,
the substrate may be chosen from oxides which are used as diglectric materials in
gate, MIM, DRAM, or FeRam technologies {for example, HfO; based materials,
TiQ; based materials, ZrO; based materials, rare earth oxide based materials,
ternary oxide based materials, etc.) or from nitride-based films (for example, TaN)
that are used as an oxygen barrier between copper and the low-k layer. Cther
substirates may be used in the manufacture of semiconduciors, photovoltaics,
LCD-TFT, or flat pansl devices. Examples of such substrates include, but are not
limited {o, solid substrates such as metal nitride containing substrates (for
exampile, TaN, TiN, WN, TaCN, TiCN, TaSiN, and TiSiN); insulators {for example,
SiO;, SiaNg, SION, HIO;, TaxGs, Zr0s, TiO:, ALOs, and barium strontium titanate);
or other subsirates that include any number of combinations of these malerials.
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The actual substrate utilized may also depend upon the specific precursor
embodiment utilized. In many instances, the preferred substrate utilized will be
selected from Si substrates, SiGe substrates, SiGe(Sn) substrates, SiGe(C)
substrates, Si0 substrates, -V substrates, such as GaAs, GaN, (Al,Ga}As P),
and l-V1 substrates such as ZnSe substrates.

The silicon containing precursor may be fed In liguid stale to a vaporizer
where it is vaporized before i is introduced into the reaction chamber. Priortoits
vaporization, the silicon containing precursor may optionally be mixed with ong or
more solvents, one or more metal sources, and a mbdure of one or more solvents
and one or more metal sources. The solvents may be selected from the group
consisting of toluene, ethyl benzene, xylene, mesitviense, decane, dodecane,
octane, hexane, pentane, or others. The resulling concentration may range from
approximately 0.05 M to approximately 2 M. The metal source may include any
metal-containing precursors now known or later developed.

Alternatively, the silicon containing precursor may be vaporized by passing
a carrigr gas into a container containing the silicon containing precursor or by
bubbling the carrier gas into the silicon containing precursor. The carrier gas and
silicon comtaining precursor are then introduced into the reaction chamberas a
vapor. The carrier gas may include, but is not limited {o, Ar, He, Ny and mixtures
thereof. The silicon containing precursor may optionally be mbed in the container
with one or more solvents, metal-containing precursors, or mixiures thereof. If
necessary, the container may be heated to a temperature that permits the silicon
containing precursor {0 be in its liquid phase and o have a sufficient vapor
pressure. The container may be maintained at temperatures in the range of, for
example, approximately 0°C {0 approximately 1580°C. Those skilled in the art
recognize that the temperature of the container may be adjusted in a known
manner o control the amount of siicon containing precursor vaporized.

in addition to the optional mixing of the silicon containing precursor with
solvents, metal-containing precursors, and stabilizers prior {o introduction into the
reaction chamber, the silicon containing precursor may be mixed with reactants
inside the reaction chamber. Exemplary reactants include, without imitation,
metal-containing precursors such as strontium-containing precursors, barium-
cantaining cursors, aluminum-containing precursors such as TMA, and any
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combination thersof. These or other metal-containing precursors may be
incorporated into the resultant film in small quantities, as a dopant, or as a second
or third metal in the resulting film, such as BST and §TO.

A reactant may be introduced into the chamber after adsorption of the
hafnium containing precursor onto the subsirate, after introducing the selected
silicon containing precursor, or afler both. In spatial ALD, the reactant may be
introduced at the sams time as, but at a different location than the hafnium
containing precursor and silicon containing precursor. Suiiable reactanis include
Os, Oz, HaO, HOy, acetic acid, formalin, para-formaldehyde, and combinations
thereof, However, as discussed previously, to prevent formation of the interface
laver, H:O is preferably used as the reactant.

The reactant may be treated by plasma in order to decompose the reactant
into ifs radical form. The plasma may be generated or present within the reaction
chamber itself. Allematively, the plasma may generally be at a location removed
from the reaction chamber, for instance, in a remotely located plasma system.
One of skill in the art will recognize methods and apparatus suitable for such
plasma treatment.

For example, the reactant may be introduced into a direct plasma reacior,
which generates a plasma in the reaction chamber, 1o produce the plasma-treatad
reactant in the reaction chamber. Exemplary direct plasma reactors include the
Titan™ PECVD System produced by Trion Technologies. The reactant may be
introduced and held in the reaction chamber prior 10 plasma processing.
Alternatively, the plasma processing may ocour simultaneously with the
introduction of reactant. In-sifu plasma is fypically a 13.56 MHz RF capacitively
coupled plasma that is generated between the showerhead and the substrale
holder. The substrate or the showerhead may be the powered electrode
depending on whether positive ion impact ocours. Typical applied powers in in-
sifu plasma generators are from approximately 100 W to approsdmately 1000 W,
The disassociation of the reactant using in-situ plasma is typically less than
achieved using a remote plasma source for the same power input and is therefore
not as efficient in reactant disassociation as a remote plasma system, which may
be beneficial for the deposition of metal-nitride-containing films on subsirates

easily damaged by plasma.
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Alternatively, the plasma-treated reactant may be produced cutside of the
reaction chamber. The MKS Instruments’ ASTRON® reactive gas generator may
be used to treat the reactant prior to passage into the reaction chamber.
Operated at 2.45 GHz, 7kW plasma power, and a pressure ranging from
approximately 3 Torr to approximately 10 Torr, the reactant O3 may be
decomposed into three O radicals. Preferably, the remote plasma may be
generated with a power ranging from about 1 kW to about 10 kW, more preferably
from about 2.5 KW to about 7.5 kW.

The silicon containing precursor and one or more reactants may be
introduced into the reactor simultaneously {chemical vapor deposition),
sequentially (atomic layer deposition}, or in other combinations. For example, the
silicon confaining compound may be infroduced in one pulse and two additional
precursors may be introduced together in a separate pulse [modified atomic layer
deposition]. Alternatively, the reactor may already contain the reactant prior to
introduction of the silicon containing compound. Alternatively, the silicon
containing compound may be infroduced to the reactor continuously while other
reactants are introduced by pulse {pulsed-chemical vapor deposition). The
reactant may be passed through a plasma system localized or remotely from the
reactor, and decomposed {o radicals. In each example, a pulse may be Tollowsd
by a purge or evacuation step to remove excess amounts of the component
introduced. In each example, the pulse may last for a time period ranging from
about 0.01 s to about 10 s, alternatively from about 0.3 s to ahout 3 5, alternatively
from about 0.5 s to about 2 5. In another altemative, the silicon containing
compound and one or mors reactants may be simultaneously sprayed from a
showsr head under which a susceptor holding several wafers is spun (spatial
ALDS.

In one embodiment, the disclosed silicon containing compounds are used
in atomic layer deposition (ALD) methods fo provide metal silicate films having a
desired silicon concentration, and more preferably to produce hafnium silicate
films. in this embodiment, a hafnium containing precursor is introduced into a
chamber containing one or more substrates. At least part of the hafnium
containing precursor is adsorbed on the substrates to produce an adsorbed

hafnium containing layer. A silicon containing precursor is selected to provide a
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desired concentration of silicon in the hafnium silicate film. The selected silicon
containing precursor is introduced inlo the chamber to react with the adsorbed
hafnium containing layer to provide the hafnium silicate film having the desired
siicon concentration.

As ALD of silicon oxide using moisture has been difficult, Applicants believe
that the metal in the previously deposited hafnium (or titanium or zirconium) oxide
layer acts as a catalyst to facilitate deposition of the ALD SiO layer. Applicants
believe the hafnium (or titanium or zirconium) oxide layer enhances the absorption
and the reaction of the silicon source on the surface allowing the silicate formation
and therefore the hafnium (or titanium or Zirconium) siticate formation.

The hafnium containing precursor may be selscted from the group
consisting of alkylamide hafnium precursors, such as Hi{NEtMe)s, H(NMey)s, or
HI{NEL)s; cyclopentadienyl alkylamide hafnium precursors having the formula
HRCp}NR;)s with x being 0-5 and R being a £1-C8 alkyi group, such as
HICp(NMez)s, Hi(MeCp)(NMey)s, and HifMesCpXNMe;);; HI(EICp)Mey:
{trimsthyicyclohexadienyljtris {(dimethylamido)hafnium; HE{O'BuU),; HICL: or a
combination thereof. Preferably, the hafnium containing precursor is H(NEL), or
Hi(NEtMe)s. The hafnium containing precursor may be supplied to the reactor in
the same form as the silicon containing precursor. In other words, the hafnium
containing precursor is provided in vapor form by being fed in liquid state to a
vaporizer where it is vaporized, by passing a carrier gas into a container
cortaining the hafnium containing precursor, by bubbling the carrier gas into the
hafnium containing precursor, or using sublimators to vaporize solid precursors,
such as the sublimator disclosed in W0200%/087608, which is incorporated hersin
in its entirety by reference. The hafnium containing precursor may also be mixed
with one or more solvents, one or more metal sources, and a mixture of one or
more solvents and one or more metal sources.

The metal silicate film may be deposited on the same substrates previously
listed. Preferably, the metal silicate film will be deposited on Si substrates, SiGe
substrates, SiGe(Sn) substrates, SiGe(C) substrates, SIC substrates, li-V
subsirates, such as GaAs, GaN, (ALGa){As,P), and I-V1 substrates such as ZnSe
substrates. The temperature and pressure conditions within the reactor are the
same as previously listed.
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These conditions within the reactor permit at least part of the hafnium
containing precursor to adsorb on the subsirates. It is balisved that ALD
processes resull in chemisorption. However, a sharp distinction does not exist
between chemisorption {chemical adsorption) and physisorption (physical
adsorption) and both phenomena may occur simultanecusly. Chemisorption is
adsorption in which the hafnium cortalning precursor chemically reacts with the
surface of the substrate. The adsorbed portion of the precursor is linked to the
substrate by valence bonds and ocoupies cerlain adsorption sites on the surface.
As a result, one layer of chemisorbed molecules is formed (which produces the
seif-limiting nature of ALD). Physisorption is adsorption in which the hafnium
comaining precursor physically reacts with the surface of the substrate. The
adsorbed portion of the precursor is linked to the substrate by intermolecular
forces (van der Waals forces), which do not result in a change in the slectronic
orbital pattemns of the precursor.

The desired concentration of silicon in the hafnium silicate film is
determined by the application. For example, if the hafnium silicate film will be a
spacer film, the sificon concentration in the hafnium silicate film may be
approximately 20 atomic % o approximately 50 atomic %, preferably from
approximately 35 atomic % to approximately 45 atomic %. Alternatively, if the
hafnium silicate film will be a gate dielectric, the silicon concentration in the
hafnium silicate film may be appm;&mateiy 5 atomic % to approximately 25 atomic
%, preferably from approximately 10 atomic % fo approximately 20 atomic %.

The concentration of silicon in the hafnium silicate film may be decreased
by increasing the carbon chain length of the disclosed silicon containing
compounds. For example, to provide metal silicate films having low silicon
concentrations, the silicon containing precursor selected would be HySi(NBuy),,
HoSi(N"Bugz)z, or HoSENPriBuyl. When metal silicate films having high silicon
concentrations are desired, the silicon containing film selected would be
HoSHNPr): and HaSiNEL).

The silicon concentration of the metal silicate film may be further decreased
by increasing the ratio of hafnium containing precursor to silicon containing
precursor. For example, the silicon concentration in a hafnium silicate film
produced from a 1:1 ratic of the hafnium containing precursor o the silicon
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containing precursor would be higher than the silicon concentration in a hafnium
silicate film produced from a 4:1 ratio of the hafnium containing precursor to the
sificon containing precursor. One of ordinary skill in the art will recognize that the
ratios may be adjusted by increasing the pulse length or the number of pulses of
gither precursor.

Zirconium sificate and titanium silicate films may also be provided using the
disclosed methods with suitable zirconium containing or titanium containing
precursors. Suitable zirconium containing or titanium containing precursors
include the analogs of the disclosed hafnium containing precursors. Additional
suitable titanium containing precursors disclosed in US Pat App Pub No.
WO2011/127122 having the formula TI{R-N-C(Rg)-N-R2){ OR4}{NRsR),{C:CRy);
of TH{R-N-(C{Ra)2}m-N-Ro }{OR4)(NRsRs){0,CRy),, wherein Ry, Ry, Rs, Re, and
Ry are independently selected from the group consisting of H and C1-C8 alkyl
group; Ry = H, C1-C6 alkyl group, or NMes; Ry is a C1-C8 alkyi group, m = 2-4; u
=02, v=0-1x= 13y =0-2; 2= 0-1; utxry+z = d or 2vixty+z = 4; and u, v, or
z 2 1, and more particularly Ti{iPr-N-C(Me}-N-iPr}y{CiPr)s, Ti{iPr-N-{CHa)»-N-

P {OIPr)e, TIIP-N-C{H)-N-iPri(OiPr)s, TIP-N-C{Me}N-iPri{OiPr)y{(NMs,),
THIPr-N-C(Me)}-N-iPri{QiPr}z{Q,CMe), THEL-N-C(Me}-N-E{OIPr{0,CMe), Ti(iPr-
N-{CHz Jo-N-iIPr{QIPr{CCMe), THOIPAOCMe),, or THOIPH{0.CMe).

Upon obtaining a desired film thickness, the film may be subject to further
processing, such as thermal annealing, furnace-annealing, rapid thermal
annegaling, UV or e-beam curing, and/or plasma gas exposure. Those skilled in
the art recognize the systems and methods utllized to perform these additional
processing steps. For example, the silicon-containing film may be exposed to
temperature ranging from approximately 200°C to approximately 1000°C for a
time ranging from approximately 0.1 second to approximately 7200 seconds under
an inert aimosphere, a H-containing atmosphere, a N-containing atmosgphere, an
O-containing atmosphere, or combinations thereof. Most preferably, the
temperature is 400°C for 3600 seconds under a H-containing atmosphere. The
resulting film may contain fewer impurities and therefore may have an improved
density resulting in improved leakage current. The annealing step may be
performed in the same raaction chamber in which the deposition process is
performed. Alternatively, the substrate may be removed from the reaction
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chamber, with the annealing/flash annealing process being performed in a
separate apparatus. Any of the above post-treatment methods, but especially
thermal annealing, is expected to effectively reduce any carbon and nitrogen
cortamination of the alkali metal-containing film. This in turmn is expected to

improve the resistivity of the film.

Examples
The foliowing non-limiting examples are provided to further illustrate
embodiments of the invention. However, the examples are not intended 1o be all
inclusive and are not intended to limit the scope of the inventions described

hersin.

Example 1 Synthesis of bis{diisobutylamino)silane

A 2.5M hexanes solution of n-butyl fithium (112.4 mL, 0.281 mol) was
added dropwise to a -40 °C sclution of diisobutylamine (49.1 mL, 0.281 mol) in
pentane (200 mL}. After addition is complete, suspension is warmed to ambient
temperature while stirring for 2 hours. A solution of dilodosilane (30.0g, 0.106 mol)
in pentane (100 mlL) was then transferred slowly via cannula fo the cooled, -40 °C
solution of lithium amide (above) resulting in the immediste formation of
colorless precipitate. The suspension was warmed slowly to ambient temperature
while stirring overnight. The following day, stirring is stopped to allow precipitate to
setlle and supematent solution filtered over a medium pore glass frit with a bed of
Celite. The precipitate was then extracted with 2 x 70 mlL pentans with extracts
combined and filtered with above 1o vield a hazy, pale yellow solution. Solvents
{pentane and hexanes) are distilled off at 70 °C and atmospheric pressure. A
fresh recelving flask is added and desired product is distilled at 80 *C/~80 mTorr
as a colorless liquid (28g, 72%). bp 302 °C; 1H NMR (C8D8, 400 MHz) 8(ppm) =
4.82 (s, 2H, Si-H), 2.65 (d, 8H, N-CH2), 1.80 (mult., 4H, CH2-CH), 0.88 (d, 24H,
CH-CH3).

Example 2 Synthesis of bis{di{in-butyllamino)sifane
A 2.5M hexanes solution of n-butyl lithium (58.4 mL., 0.141 mol) was added

dropwise to a 0 °C solution of di-{(n-butyllamine (23.8 mL, 0.140 mol) in pentane
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{200 mL). After addition is complete, suspension is warmed o ambient
temperature while stirring for 3 hours. The solution of fithium amide is then
transferred slowly via cannula to a 0 °C solution of dilodosilane {(20.0g, 0.070 mol)
in pentane (200 mi) resulting in the immaeadiate formation of a colorless precipitate.
The suspension was warmed slowly to ambient temperature while stirring
overnight. The following day, stirring is stopped o allow pracipitate to settle and
supernatent solution filtered over a medium pore glass frit with a bed of Celite.
The precipitate was then extracted with 2 % 50 mL pentane with extracts combined
and filtered with above to vield a hazy, pale yellow solution. Solvents {pentane
and hexanes) are distilled off al 70 °C and atmospheric pressure. A fresh
receiving flask is added and desired product is distilled at 85-80 *C/60-70 mTorr
as a colorless liquid (8.6g, 43%). bp 320 °C; 1H NMR (C8D8, 400 MHz) 8{ppm) =
4.84 (s, 2H, Si-H), 2.88 (t, 8H, N-CHZ}, 1.47 {m, 8H, CH2-CH2), 1.30 {m. 8H,
CH2-CH3), 0.92 {4, 12H, CH2-CH3).

Example 3 Synthesis of bis{N-tertfbutyllisopropylaminalsilane

A 2.5M hexanes solution of n-butyl lithium (101.0 mL, 0.253 mol) was
added dropwise 1o a ~40 °C solution of N-tert-butyl-isopropylamine (40.0 mi.,
0.252 mol) in pentane (200 mL}. After addition is complete, the suspension is
warmed to ambient temperature while stirring for 2 hours. A solution of
diiodasilane (35.0 g, 0.123 mol} in pentane (100 mL) was then transferred slowly
via cannula to the cooled, -40 °C solution of lithium amide {above) resulting in the
immediate formation of a coloress precipitate. The suspension was warmed
slowly to ambient temperature while stirring overnight. The following day, stirming
is stopped to allow precipitats {o setitle and supematent solution filtered over a
medium pore glass frit with a bed of Celite. The precipilate was then exiracted
with 2 x 70 mb pentane with extracts combined and filtered with above to vield a
hazy, pale yellow solution. Solvents {pentane and hexanes) are distilled off at 70
*C and atmospheric pressure. A fresh recelving flask is added and desired
product is distilled at 68-70 *C/~100 mTormr as a colorless, semi-crystaliine solid
{10.8 g, 34%). mp 28 °C; bp 298 °C; 1H NMR (C8D8, 400 MHz) 8(ppm) = 5.12 (s,
2H, Si-H), 3.24 {m, 2H, N-CH), 1.29 (d, 12H, CH-CH3), 1.26 (s, 18H, C-CH3).
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Example 4 Synthesis of bis{diisopropylamino)silane

A similar process was used to produce bis(diisopropylamino)silane as a
colorless liguid.

{11.3g, 47%). mp ~12 °C; bp 281 °C; 1H NMR (C8086, 400 MHz) 8(ppm) =
4.91 (s, 2HM, Si-H), 3.26 (sept., 4H, N-CH), 1.14 (d, 24H, CH-CH3),

Example §
ALD depositions were performed using tetrakis{diethylamino thafnium

{TDEAH), H:O and the silicon containing compounds fisted in the following table.

1K 33 3:1 423

_ _ Tunability
Molecule HIST HESE Hys) BHys:

{¥a}

A B A B la B A B
RBIHD3 Eiﬁ N
SIHNIPrd) N
SHN=C=0)}4 40 33 33-480
HISHNE)2 56 48 85 3¢ 30-56
H2SI(NIPr2)2 53 57 2% 42 133 2% 23187
IS (NiBuw2)2 19 2% (43 23 & 6 7 {8 7-58
[HESi {NuBa2)2l 26 37 24 34 I8 28 22 32 U844
}ELZSE (NiBuiPr)2 35 M5 32 132 18 33 16 326 1540

SHicon content was determined by X-ray photoslectron spectroscopy (XPS)
at a 30 sec sputler (column A) and from a surface measurement (column B). The
unability results provided do not include silicon atomic % from ratios not listed.
The actual tunability results may be broader than indicated. Furthermore, i higher
slicon concentrations are desired, the HESI ratic may be invertad to introduce
more sificon containing precursor than hafnium containing precursor {(Le., 4:1
SifH.

As can be seen, bis{disthylamine)silane and bis(diisopropylamingisiiane
may be selected to deposit hafnium silicate films having higher silicon content,
Higher silicon content may be beneficial for interlayer insulating films or spacer
films.
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As can also be seen, bis{diiscbutylamino)silane and
bis{isopropyitbutylamino)silane may be selected o deposit hafnium silicate films
having lower silicon content. Lower silicon content may be beneficial for gate
dielectrics.

By selecting the appropriate silicon containing precursor, a hafnium silicate
film having a desired silicon content may be produced. The silicon content may
further be adjusted by adjusting the ratio of the hafnium containing pracursor to
the silicon containing precursor.

Example 8
ALD depositions were performed using TDEAH, H.0 and

bis(diisobutylamino)silane. The reactor pressure was approximately 2.3 Torr,
The reactor temperature was between approximately 250°C and approximataly
300°C. TDEAH was introduced into the reactor for approximately 15 seconds,
followed by an approximately 10 second nitrogen purge. Mo was introduced into
the reactor for approximately 1 second followed by an approximately 10 second
nitrogen purge. Bis(diisobutylamingsilane was introduced for 5, 10, or 20
seconds followed by a 10 second nitrogen purge. HO was introduced into the
reactor for 1.5 seconds followed by an approximately 10 second nitrogen purge.
As shown in FIG, the deposition rate and refractive index remained steady with
increasing bis{diisobutylamino)silane pulse time. A slightly higher growth rate,
slightly lower silicon content, and slightly higher impurity level was observed at
300°C as compared to 250°C. The carbon and nitrogen incorporation in the
hafrium silicate film were below the ~1 atomic % dstection limit. The higher level
of impurities at 300°C may result from decomposition of TDEAH.

Example 7
ALD depositions were performed using TDEAH, HO and bis(di-n-

butylaminojsilane. The reactor pressure was approximately 0.2 Torr. The reactor
temperature was approximately 300°C. TDEAH was introduced into the reactor
for approximately 18 seconds, followed by an approximately 10 second nitrogen
purge. Hx0O was introduced into the reactor for approximately 1 second followed
by an approximately 10 second nitrogen purge. Bis(di-n-butylamina)silane was
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introduced for 10 seconds followed by a 10 second nitrogen purge. H.O was
introduced into the reactor for 1.5 seconds followed by an approximataly 10
second nitrogen purge. A hafnium silicate film having approximately 18 atomic %
silicon was produced from a 3:1 ratio of hafnium containing precursor; sificon

containing precursor.

Example 8
ALD depositions were performed using TDEAH, Hx0 and bis{di-

isopropylaminesilane. A hafnium silicate film having approximately 18 atomic %
silicon was produced from a 3:1 ratic of hafnium containing precursor: silicon
containing precursor. The concentration of silicon in the hafnium silicate film
varies broadly using bis{diisopropylamino)silane, providing an excellent precursor

for tenability as compared to the other aminosilanes.

Comparative Exampls 1

ALD depositions were performed at 250°C using TDEAH, H0 and
SN=C=0)s. A hafnium silicate film was produced having approximately 33
atomic % sificon from a 1:1 Hf containing precursor:Si containing precurser ratio to
approximately 40 atomic % silicon from a 2:1 Hf containing precursor:Si
containing precursor ratio, both at the 30 second XPS sputter measurement. The
hafnium silicate films also contained approximately 3 atomic % to approximately 4
atomic % nitrogen.

Comparative Example 2

ALD depositions were performed at 300°C using TDEAH, HO and
N{SiH3);. The films deposited had a refractive index close to that of pure HIO,.
The deposition rate was also close to that of TDEAH and H:O. The XPS resulls

indicated no Si+4 incorporation, only SiZp incorporation from the substrate.

Comparative Example 3
ALD depositions were performed at 300°C using TDEAH, M0 and
SiHa(NiPr). The films deposited had a refractive index close to that of pure HIO,.
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The deposition rate was also close to that of TDEAH and HxO. The XPS rasults
indicated no S8i+4 incorporation, only Si2p incorporation from the substrate.

It will be understood that many additional changes in the details, materials,
steps, and arrangement of parts, which have been herein described and illustrated
in order to explain the nature of the invention, may be made by those skilled in the
art within the principle and scope of the invention as expressed in the appendad
claims. Thus, the present invention is not intended to be limited to the specific

embodiments in the examples given above and/or the attached drawings.
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What is claimed is:

1. An gtomic layer deposition (ALD) method fo provide a hafnium silicate film
having a desired silicon concentration, the method comprising:

a) infroducing a hafnium containing precursor into a chamber
containing ons or more substrates;

b} adsorbing at least part of the hafnium containing precursor on the
one or more substrates to produce an adsorbed hafnium containing
layer;

c} selecting a silicon containing precursor to provide a desired
concentration of silicon in the hafnium silicate film, the silicon
containing precursor having either formula (a) HSKNR R,
wherein xis 1 or 2 and R' and R? are independently selected from
the group consisting of H, Me, Et, nPr, iPr, nBuy, By, By, sBu, and
tAm; or formula (b} HSi{morpholino )., wherein xis 2 or 3; and

d} infroducing the selected silicon containing precursor into the
chamber {0 react with the adsorbed hafnium containing layer to
provide the hafnium silicate film having the desired silicon

conceniration.

2. The ALD method of 1, further comprising introducing a reactant into the
chamber after the chemisorption of at least part of the hafnium containing
precursor and/or after introducing the selected silicon containing precursor,

3. The ALD method of 2, wherein the reactant is H;0.

4, The ALD method of 1, wherein the silicon containing precursor selected is
bis{dilscbutylamino)silane and the desired silicon concentration is between

approximately 7 atomic % and approximately 50 atomic %.

5. The ALD methad of 1, wherein the silicon containing precursor selected is
bis{di-n-butylamino)silane and the desired silicon concentration is between
approximately 18 atomic % and approximately 44 atomic %.
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8. The ALD method of one of claims 1 to 5§, further comprising increasing a
ratio of hafnium containing precursor to silicon containing precursor o further
decrease the silicon concentration.

7. The ALD method of one of claims 1 to 8, further comprising annealing the
hafnium silicate film.

8. A method of decreasing a silicon concentration in a hafnium silicate film by
increasing a carbon chain length in a silicon containing precursor having the
formula H,SINR'R )., wherein x is 1 or 2 and R’ and R? are independently
selected from the group consisting of H, Me, Et, nPr, iPr, nBu, iBu, By, sBu, and
tAm,

8. The method of 8, wherein the silicon containing precursor is
bis{diisobutylamino)silane and the sificon concentration is between approximataly
7 atomic % and approximately 50 atomic %.

10.  The method of 8, whergin the silicon containing precursor is bis{di-n-
butylamino)silane and the silicon concentration is between approximately 18
atomic % and approximately 44 atomic %.

11.  The method of one of claims 8 to 10, further comprising increasing a ratio
of a hafnium containing precursor to the silicon containing precursor to further
decrease the silicon concentration.

12. A silicon containing compound having the formula HSINR'R%)4.,, wherein
x=1 or 2; R' is selected from the group congisting of isobutyl, nbutyl, secbutyl, and
tertiary-amyl, and R? is H ora C1-C8 alkyl group.

13.  The silicon containing compound of 12, wherein x=2.

14.  The silicon containing compound of 13, whersin R' and R? are isobutyl,
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15.  The silicon containing compound of 13, wherein R' and R® are nbutyl.

16.  The silicon containing compound of 13, wherein R is isobutyl and R% is

selacted from the group consisting of Me, EL, iPr, and nPr.

17.  The silicon containing compound of 13, wherein R is secbutyl and R is

selected from the group consisting of Me, Et, iPr, and nPr.

18.  The silicon containing compound of 13, wherein R’ is nbutyl and R% is
selected from the group consisting of Me, &1, IPr, and nPr.

18. A silicon containing compound having the formula H,.Si{morpholing e,

wherein x= 2 or 3.
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