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REAGENTS TO REMOVE OXYGEN FROM METAL OXYHALIDE PRECURSCORS IN
THIN FILM DEPOSITION PROCESSES

Cross Reference {o Related Applications
{8001} Thiz appiication claims the benefit of priority to US Patent Application No.
17/193,046, filed March &, 2021, the entire contents of which are incorporated herein by
referance

Technical Field
[6002] The present invention relates to methods of using a highly axophilic compound
as a reagent o deoxygenale a metal oxvhalide precursor or remove oxygen from
intermediate films formed by deposition of a metal oxyhalide precursor in ALD and CVD
procasses, and in particular, 10 the usage of such reagent facilitates deoxygenation to
reduce the temperature at which the ALD or CVD takes place to vield a metal or a metal

nitride film with low oxygen content.

Background

[0003] Many transition metal {such as W, Mo, Cr, V...) oxyhalides are volatile and
thermally stable, and may be used as precursors for atomic iayer deposition (ALD) and
chemical vapor deposition {CVD) processes o deposit pure metal or metal nitride films
through cleavage of M-X and M=0 bonds. Numerous examples include US 20170082224,
US 20180286608, WO 2018209288, US 20200131628, US 200700490454, US
2003002206854, US 1051058082, US 20180067003A and US 4668528A. However,
complete removal of oxygen containing species, i.e. cleavage of the M=0 bonds, during the
ALDICVD process is a challenge and properties of the deposited films depend heavily on
the success removal of surficial impurities, such as oxygen atoms in this case.

(00047 Hydrogen and hydride compounds (of S, B, P, Al notably) are powerful reducing
reagent that may remove the oxygen from the metal oxyhalides, and produce water as the
volatite byproduct. However, the reduction of the M=0 bond by Hz or hydride typically
cecurs at high temperature {e.¢q., > 500°C), which is incompatible with certain applications
where the substrate on which the film is deposited cannot withstand such high temperature.
Additionally, the reduction of a transition metal oxyhalide by_hydrogen or hydride leads to
the formation of hydrogen halide {e.g., HC and water, which creates a highly corrosive
gaseocus environment for a processing chamber and downstream equipment, such as,
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vacuum line, pumps, pressure reguiating valves, and the like. in paraliel, water as a
byproduct could react with surficial metal oxyhalide or metal halide intermediates, and leave
axygen contamination. Davis (Davies M., Alloy Selection for Service in Chloring, Hydrogen
Chioride and Hydrochloric Acid, 2019, 27 Edition) describes such impacts. Some metal or
semi-metal hydrides such as AlHs, BzHe, PHa, SiHa, SizHs are also potent reducing agents,
but the reaction products with oxygen atoms generally leads {o the formation of non-volatile
metal or semi-metal oxides {AlOs, B0s, Si0z...). As such, such metal or semi-metal
hydrides are not appropriate as co-reactants with metal oxyhalide precursors.

[0005] Applications of Mo film have gained an accelerated interest to substitute some
layers especially in middie-of-line (MOL} or backend-of-the-line (BEOL) requiring to have
procasses below 500°C while depositing highly pure films. MaoFs, MoCls, MoOCkL, Mo0.Cly
are well known inorganic precursors to deposit pure Mo films when combined with reducing
reagents, such as Hy. MoQ,Cl; has been reported to be the less corrosive between these
groups of precursors, and is the one with a higher vapor pressura. The lowest temperature
io deposit Mo film by ALD MoG:Cla/Hz is at least 5000:C mainly due to the difficulty to
remove the double bonds between oxygen and molybdenum.

[oons] US 105833023 discioses the formation of metal films from “metalorganic”
precursors and a reducing agent, in which a first compound having an atom in an oxidized
state is reacted with a bis{trimethylsilyl) sbt-membered ring system or related compound o
form a second compound having the atom in a reduced state relative 10 the first compound.
The atom in an oxidized state is selected from the group consisting of Groups 2-12 of the
Periodic Table, the lanthanides, As, Sb, Bi, Te, Si, Ge, Sn, and Al

(00071 WO 2020/023790 discloses deposition of pure metal films use MoQGCl, MoU:Cly,
with 1:100 — 10000 ratios H: as a reducing gas at high temperature of 500°C to deposit Mo
with < 1 atomic % oxygen residue. For Wilm, WOF,, WQCl, WOCl;, etc. are used.
[o008] US 10510520 discloses low resistance metallization stack structurss for logic
and memory applications and related methods of fabrication, in which a Mo-containing layer
was deposited on a Weeontaining layer using ALDICVD. The Mo-containing layer is
deposited by exposing the W-containing layer o a reducing agent and the Mo-containing
pracursor selected from: MoFs, MoCls, MoO2Cl, MoOCk, and Mo(CO)s. The process
femperatura ranges from 300°C to 700°C.

[0008] Thus, lowering the temperature of the deposition process has been challenging.

Summary
[0010] Disclosed is a method for deposition of a metal or metal nitride film on &
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substrate, the process comprising

reacting a metal oxyhalide precursor with an oxophilic reagent in a reactor containing

ihe substrate to deoxygenate the metal oxyhalide precursor, and

forming the metal or metal nitride film on the substrate through a vapor deposition

process. The disclosed method may include one or more of the following aspects:

@

further comprising exposing the substrate to the metal oxyhalide precurser and the
oxophilic reagent simultaneously:

further comprising exposing the substrate to the metal oxyhalide precursor and the
oxophilic reagent seguentially;

further comprising exposing the substrate o a reducing agent sequentially after
deoxygenation,

the metal oxyhalide precursar being M®@X 0., wherain M is Mo, W, V, Nb, Ta, and
Cr;, X is a halogen selected from G, Bror {; ais the oxidation state of M and a is an
integerranging rom 310 6, cis anumber, 0 <c <G eisanumber,0<e <3¢+ 28
=g

the oxophilic reagent being N®X,0;, wherein N is a transition metal halide or
oxyhalide, or @ Group 14 or 15 halide, oxyhalide or oxide; X is a halogen selected
from Cl, Br or |, b is the oxidation state of N and b is an integer ranging from 3 {0 §;
disanumber, 0sd<8 fisanumber O<f<3, d+2f={;

oxophilicity of N being larger than oxophilicity of M;

the metal oxyhalide precursor being selected from the group consisting of MoQ2Clz,
MoOUCls, WOCH, WO:Cl:, NbOCH;, TaQCls, and CrO,Cla;

the metal oxyhalide pracursor baing MoGCly;

the metal oxyhalide precursor being a metal-0xo precursor;

the metal oxyhalide precursor being an oxygen-containing metal precursor,

the oxophilic reagent and their oxidized product being volatile;

the oxophilic reagent being volatile;

the oxophilic reagent’s oxidized preduct being volatile,

no frace of the elements of the oxophilic reagent and its oxidized products being ieft
on the surface of deposition films;

the oxophilic reagent being selected from a Group 14-containing or Group 15-
containing halide, oxyhalide or oxide;

the oxophilic reagent being selected from a Group 14-containing or Group 15-

containing halide,
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= the oxophilic reagent being selected from a Group 14-containing or Group 15-
containing oxyhalide;

= the oxophilic reagent being selected from a Group 14-containing or Group 15-
containing oxide,

= the oxophilic reagent being selected from a transition metai-containing halides or
oxyhalides;

= the oxophilic reagent being selected from a transition metal-containing halides;

s the oxophilic reagent being selected from a transition metal-containing oxyvhalides;

s the oxophilic reagent being selected from:

a. Group 14-containing: CCls, CBry, COCE; CO; R-N=C=0, wherain Ris H, or
an atkyl group salected from Me, E, iPr, nPr, iBuy, 1Bu, sBu, nBu; or SkRyX;:, wherein
x=1tod yandz=01012 v+ z < 2x+2; X is a halogen selected from Cl, Br, | R
is H, a saturated or unsaturated hydrocarhon group, aming group, alkoxy group, or
sityl group;

b. Group 15-containing: NO, NoO, PCla, PBrs, Pla; or

¢. Transition mstal-containing. VCli, VClz, NbCls, TaCls, WCls, WCls, WQUCl,,
or WCls;

e the oxophilic reagent being a Si-containing oxophilic reagent having a general
formula SLRX,, whereinx = 1108 yvandz= 010 12, y + z = 2x+2; X is a halogen
selected from Cl, Br, I, Ris M, a saturated or unsaturated carbon-containing ligand,
nitrogen-coniaining ligand, oxygen-containing ligand, silicon-containing ligand,;

e the oxophilic reagent being a Si-containing oxophilic reagent having a general
formula SKRYG, whereinx = 1105, yandz= 010 12, vy + z < 2x+2; X is a halogen
selected from Ci, Br, |; Ris H, a saturated or unsaturated hydrocarbon group, amine
group, alkoxy group, or silyl group,

s {he Si-containing oxophilic reagent being selected from SiCls, SiClH, SixClaMes,
Si:CiMes, Si:ChMes, SiBre, Si:BrsH, ShBriMe:, SbhBrMes, Si:BraMes, SiBrsH,
SipMes, Sials, SizlsH, SilaMe)s, Si{OMels, Six{NRos (wherein R=H, Me, E),
3G, Bialls, SisBrs, Sials, or Slay(Me)eH;

+ the oxophilic reagent being SiCle (HCDS),

e the oxophilic reagent being a nonhalogen-containing oxophilic reagent selected
from:

Group 14-containing: CO, R-N=C=Q, wherein R is H, or an alkyl group selected
from



WO 2022/187616 PCT/US2022/018899

Me, Et iPr, nPr, iBu, tBu, sBu, nBu; or
Group 15-containing: NO, MO,

e the oxophilic reagent being R-N=C=0, whersin R is H, or an alkyl group selected
from Me, Ei iPr. nPr, iBu, By, sBu, nBu, which leads to form the metal nitride film;

e the oxophilic reagent being tBu-N=C=(;

« the oxophilic reagent being a metal halide or metal oxyhalide selected from VCl,
VCls, NbCls, TaCls, WCls, WCIs, WOCls, or WCly;

+ the oxophilic reagent being WCls, WCls, or WCls,

s the oxophilic reagent being volatile,

e products of the oxophilic reagent being volatile;

s the reducing agent being H» or BaHs,

« the reducing agent being Ha;

= the reducing agent being NHs;

e the reducing agent being the oxophilic reagent selected from CO, SIHCl;, SiHBr,, or
SiHla;

e a deposition temperature ranging from 50°C to 500°C;

e & deposition temperature ranging from 100°C to §00°C;

s g daposition temperature ranging from 150°C to 4885°C,

= a deposition temperaturs being less than 500°C;

e & depaosition temperature being less than 485°C,;

s g purity in the metal or metal nitride film being larger than approximately 98.5%;

s 3 purity in the metal or metal nitride film being larger than approximataly 99%;

s an oxygen impurity in the metal or metal nitride film being less than approximately
1%;

s an oxygen impurity in the metal or metal nitride film being less than 1.5%;

e & silicon impurity in the metal or metal nitride film being 0%;

s 3 silicon impurity in the metal or metal nitride film being approximately 0%;

+ {he metal oxyhalide precursor having a purity ranging from approximately 93% wiw
to approximately 100% wiw,

« the metal oxyhalide precursor having a purity ranging from approximately 98% wiw
to approximaitely 88.898% wihw,

s the oxophilic reagent having 2 purity ranging from approximately 93% wiw {o
approximately 100% wiw;
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[0011]

the oxophilic reagent having a purity ranging from approximately 98% wiw fo
approximately 99.999% whw,
the reducing agent having a purity ranging from approximately 93% wiw to
approximately 100% wiw;
the reducing agent having a purity ranging from approximately 98% wiw {0
approximately 899.998% wiw,
the vapor deposition process being a thermal CVD;
the vapor deposition process being a thermal ALD;
the vapor deposition process heing a plasma enhanced CVD,
the vapor deposition process being a plasma enhanced ALD; and
the vapor deposition process being a spatial ALD.
Also disciosed is a method for removing oxygen from a metal oxyhalide precursor

or an intermediate film deposited by the metal oxyhalide precursor to form a metal or metal

nitride film on a surface, the process comprising

reacting the metal oxyhalide pracursor or the infermediate film deposited by the
metal oxyhalide precursor with an oxophilic reagent to form a metal intermediate;
and

reducing the metal intermediate to a metal or metal nitride film on the surface by
a reducing agent through a vapor deposition process,
wherein

the metal oxyhalide precursor is M@X 0., wherain M is Mo, W, V, Nb, Ta, and
Cr; Xis a halogen selected from Ci, Bror |, a is the oxidation state of M and ais an
integerranging from 310 6, cisanumber, d<c <G eisanumber, 0<e <3, c+ 2a
= g, and

the oxophilic reagent is N®XyO;, wherein N is a transition metal halide or
oxyhalide, or a Group 14 or 15 halide, oxyhalide or oxide; X is a halogen selected
from Cl, Br or |; b is the oxidation state of N and b is an integer ranging from 3 {10 6;
disanumber, 0sd <8 fisanumber, O<f<3, d+2f=D,
wherein oxophilicity of N is higher than oxophilicity of M,
wherein the oxophilic reagent and oxygenation products of the oxophilic reagent are

volatile. The disclosed method may include one or more of the following aspects:

8

8

the metal oxyhalide precursor being selected from MoGCl;, MaOCl, WOC,
WOQCEz, NbOCEg TaOCig, and CE‘O;}C?Q;

the oxophilic reagent being selected from:
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a. Group 14-containing. CCly, CBry, COCH,; CO; R-N=C=0, wherein R is H, or
an atkyl group selected from

b, Me, Bt iPr, aPr, By, tBu, sBy, nBu;, or SKLRyX, whereinx= 1108, yvandz=
0to 12, v+ zs2x+2, Xis a halogen selected from Cl, Br, |, Ris M, a saturated or
unsaturated hydrocarbon group, amino group, atkoxy group, or silyl group;

¢. Group 15-containing: NO, N2, PCl, PBrs, Pl or

d. Transition metal-containing. VCls, VCis, NbCls, TaCls, WCls, WCls, WOCl,,
or WCl;

s the oxophilic reagent being a Si-containing oxophilic reagent having a general
formuia SLRWG, whereinx = 1105, yand z= 010 12, v + 2 < 2x+2; X is a halogen
selected from ClL Br, |; R is H, a saturated or unsaturated hydrocarbon group, aminge
group, alkoxy group, or silyl group,

= the Si-containing oxophilic reagent being selected from SiCls, SCKEH, SixClaMes,
Si;CiMes, SixChMes, SixBrs, SiBrsH, ShBraMe:, SiBrMes, SixBrMes, SiBrsH,
SizMes, Sizls, SizlsH, Sila{Me)s, Si(OMejs, Si{(NRas (wherein R=H, Me, E,

SE{NR G, BiaCls, SiaBra, Sials, or Shu(Me)eH;

e the oxophilic reagent being SiCle (HCDS),

s the oxophilic reagent being a nonhalogen-containing oxophilic reagent selected
from:

Group 14-containing: CC, R-N=C=0, wherein R is H, or an alkyl group selected
from H, Me, Et, iPr, nPr, iBuy, tBu, sBu, nBu; or
Group 15-containing: NO, NoO;

e the oxophilic reagent being R-N=C=0, wherein R is H, or an alkyl group seiected
from H, Me, Ef iPr, nPr, iBu, 1By, sBu, nBu, which leads o form the metal nifride
film;

+ the oxophilic reagent being Bu-N=C=0,

e the oxophilic reagent baing a metal halide or metal oxyhalide selected from VCly,
YCha, NbCls, TaCls, WCls, WCls, WOCHs, or WCH;

e the oxophilic reagent being WCkL, WCIs or WCls,

s the oxophilic reagent being volatile,

s products of the oxophilic reagent being volatile;

« the reducing agent being Hz or BaHg;

e the reducing agent being Hy,

« the reducing agent being NHs;

~f



WO 2022/187616 PCT/US2022/018899

» the reducing agent being the oxophilic reagent selected from CO, SIHCls, SiHBr, or

SiHls;

s an oxygen impurity in the metal or metal nitride film being less than approximately
1%,

« the vapor deposition process being a thermal CVD or ALD, or a plasma enhanced
CVD or ALD;

= & deposition temperature ranging from 50°C fo 500°C;
e & deposition temperature ranging from 100°C to 500°C;
s g deposition temperature ranging from 150°C to 485°C;
= @ deposition temperature being less than 500°C; and
= a deposition temperature being less than 485°C.
o012 Also disciosed is a reagent for deoxygenation of a metal oxyhalide precursor or
an intermediate film deposited by the metal oxyhalide precursor to form a metal or metal
nitride film in a vapor deposition process, the metal oxyhalide precursor having a general
formula: M®X.0Oe, wherein M is Mo, W, V, Nb, Ta, and Cr; X is a halogen selected from Ci,
Bror |; ais the oxidation state of M and a is an integer ranging from 3 {0 §; ¢ s & numbey,
O<c<B eisanumber 0<e<3 c+2e=g,
the reagent comprising:
an oxophilic reagent having a general formula; N0y, whersin N is a fransition
metal halide or oxyvhalide, or a Group 14 or 15 halide, oxyhalide or oxide; X is a halogen
selected from Ci, Bror |, b is the oxidation state of N and b is an integer ranging from 3 {o
B:disanumber 0sd<g fisanumber, 0<f<3 d+2f=bh,
wherein oxophilicity of N of the oxophilic reagent is higher than oxophilicity of M of
the metal oxyhalide precursor,
wherein the oxophilic reagent and oxygenation products of the oxophilic reagent are
volatile. The disclosed reagent may include one or more of the foliowing aspects:
o the metal oxyhalide precursor being selected from MoO:Cl, MoOCk, WOCL,
WO,Cls, NbOCls, TaOCls, and CrO,Cly;
¢ the oxophilic reagent being selected from:

a. Group 14-containing: CCly, CBrs, COCk; CO; R-N=C=0, wherein R is H, or
an alkyl group selected from Me, Et iPr, nPr, iBu, 1Bu, sBu, nBuy;, or SLRX,,
wherginx =110 8 yandz= 010 12, y + 2 £ 2x+2, X is a halogen selected
from Ci, Br, i, Ris H, a saturated or unsaturated hydrocarbon group, amino
group, atkoxy group, or silyl group,
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b. Group 15-containing: NO, NpO, PCly, PBrs, Pls; or
¢. Transition metal-containing. VCls, VCla, NbClis, TaCls, WCls, WCls, WOCls,
or WCls;

= the oxophilic reagent being a Si-containing oxophilic reagent having a general
formuia: SR, whersinx=1to § vandz=0t0 12, vy + 2 S 22, X is a halogen
selected from Cl, Br, | R is H, a saturated or unsaturated hydrocarbon group, aming
group, alkoxy group, or silyl group;

e the Si-containing oxophilic reagent being selected from SixCls, ShOCLH, SLCLMe,,
SizCiMes, SiChMes, SiBrs, SiBrsH, SiBrdMes, SizBriMes, SizBroMes, SiBrsH,
SizMes, Sials, SialsH, Sila(Me),, Si(OMe)s, Six{NRu)s (wherein R=H, Me, EU),

1, SiaCls, SisBrs, Sials, or Sig(Me)oH;

s the oxophilic reagent being SixCls;

= the oxophilic reagent being WCL, WCIs or WClg;

e the oxophilic reagent being R-N=C=0, wherein R is H, or an alky! group selected
from Me, Ef, iPr, nPr, iBu, tBu, sBu, nBu, which isads to form the metal nitride film;

e the oxophilic reagent being (Bu-N=C=0Q;

s the oxophilic reagent being a metal halide or melal oxyhalide selected from VCl,,
VCls, NbCls, TaCls, WCls, WCls, WOCHs, or WCly;

¢ the oxophilic reagent being volatile;

« oxygenation products of the oxophilic reagent being volatile;

« t{he oxophilic reagent having a purily ranging from approximately 93% wiw to
approximately 100% wiw,

s the oxophilic reagent having a purity ranging from approximately 99% wiw to
approximately 992.998% wiw, and

+ the oxophilic reagent having a water impurity less than 20 ppm by weight.

Notation and Nomenclature
[8013] The foliowing detailed description and claims utilize a number of abbrevigtions,
symbols, and terms, which are generally well known in the art, and include:
[0014] As used herein, the indefinite arlicle “a” or "an” means one or mora.
{00157 As used herein, “aboul” or “around” or “approximately” in the text or in a claim
means +10% of the value stated.
[0018] As used herein, “room temperature” in the text or in a claim means from
approximately 20°C to approximately 25°C.
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{0017} The standard abbreviations of the elements from the periodic table of
elements are used herein. it should be understood that elements might be referred

{0 by these abbreviation (e.g., Si refers to silicon, N refers to nitrogen, O refers o
oxygen, C refers {o carbon, H refers to hydrogen, F refers to fluorine, efc.).

[0018] The unique CAB registry numbers (ie, "CAS") assigned by the Chemical
Abstract Service are provided to help better identify the molecules disclosed.

[0019] As use herein, the formula “M@X 0" refers to a metal oxyhalide precursor,
wherein M is Mo, W, V, Nb, Ta, and Cr; X is a halogen selected from Cl, Brorl, ais the
oxidation state of M and a is an integer ranging from 310 6; cis anumber, 0 <c <8, eis a
number, 0<e <3 c+2e=a

[0020] As used herein, the formula “NOXGO/ refers to an oxophilic reagent, wherein N
is a transition metal halide or oxyhalide, or a Group 14 or 15 halide, oxyhalide or oxide; X
is a halogen selected from Cl, Bror |, bis the oxidation state of N and b is an integer ranging
from3to8; disanumber, Osd <8 fisanumber O0<f<3: d+2f=h

{8021} As used herein, the formula “SLR,Y.” refers to Si-containing oxophilic reagent,
whereinx=1to b yandz=010 12, v+ z £2x+2, Xis a halogen selected from Cl, Br, I} R
is H, a saturated or unsaturated hydrocarbon group, aming group, alkoxy group, or siivl
group.

[0022] As used herein, the formula "M-X" refers (¢ metal halides where M is matal, X is
halogen element sselactad from C, Br, or L.

[8023] As used herein, the formula “MN” refers to metal nitride, where M is metal, N is
pitrogen, X is a positive number ranging 0 < X £ 2, but not necessarily an integer.

[0024] As use herein, the formula "MO” refers to meial oxide, where M is metal, O is
oxygen, x is a positive number ranging 0 < x £ 3, but not necessarily an integer.

[0028] As use herein, the formula "MOW” refers to metal oxygen halide, where

Mis metal, O is oxygen, Xis Cl, Brori, xis a number ranging 0 < x £ 3, y is a number
ranging 0 <y s 6, 2x + y <6, x and y each are not necessarily an integer.

{00286 As use herein, the formula "R-N=C=0" refers {0 an isocynate, wherein R is a8
saturated or unsaturated hydrocarbon group, such as an atky! group, preferably, R = H, Me,
Et iPr. nPr, iBu, 1By, sBu, nBu.

{00271 As used herein, the term “hydrocarbon” refers to a saturated or unsaturated
function group containing exclusively carbon and hydrogen atoms.

[0028] As used herein, the term “alkyl group” refers {¢ saturated functional groups
containing exclusively carbon and hydrogen atoms. An alkyl group is one type of
hydrocarbon. Further, the term “alkyl group” refers to linear, branched, or cyclic atkyl

10



WO 2022/187616 PCT/US2022/018899

groups. Examples of linear alkyl groups include without limitation, methyl groups, ethvi
groups, propyl groups, butyl groups, etc. Examples of branched alkyls groups include
without lirmitation, {-buiyl. Examples of cyclic akyl groups include without limitation,
cyclopropy! groups, cyclopentyl groups, cyclochexyl groups, etc.

[0028] As used herein, the abbreviation "Me” refers to a methyl group; the abbreviation
“EY refers to an ethyl group, the abbreviation “Pr” refers {0 a propyl group (i.e., n-propyl or
iscpropyh); the abbrevigtion “iPr” refers to an isopropyl group; the abbreviation "Bu” refers
10 any butyl group (n-butyl, isc-butyl, tertButyl, sec-butyl); the abbreviation ‘B refers o a
feriButyl group; the abbreviation "sBW refers to a sec-butyl group; the abbreviation “iBu”
refers to an iso-butyl group,; the abbreviation “Ph” refers {0 a phenyi group.

[8030] The term “subsirate” refers to a material or materials on which a process is
conducted. The substrate may refer to 3 wafer having a material or materials on which a
process is conducted. The substrates may be any suitable wafer used in semiconductor,
photovoltaic, flat panel, or LCD-TFT device manufacturing. The substirate may also have
one or more layers of differing materials already deposited upon it from a previous
manufacturing step. For example, the wafers may include silicon layers {e.g., crystalline,
amorphous, porous, etc), silicon containing layers {e.q., Si0;, SiN, SION, SICOH, atc.),
metal containing layers (e.g., copper, cobalt, ruthenium, tungsten, platinum, palladium,
nickel, gold, elc.), an organic layer such as amorphous carbon, or a photoresist, or
combinations thereof. Furthermoreg, the substrate may be planar or patterned. The substrate
may include layers of oxides which are used as dielectric materials in MEMS, 3D NAND,
MIM, DRAM, or FeRam device applications (for example, Zr(0; based materials, HIO; based
materiais, TiO, based materials, rare earth oxide based materials, ternary oxide based
materials, etc) or nitride-based films (for example, TaN, TiN, NbN) that are used as
electrodes. One of ordinary skill in the art will recognize that the terms “film” or “layer” used
herein refer to a thickness of some material laid on or spread over a surface and that the
surface may be a trench or g line. Throughout the specification and claims, the wafer and
any associated layers thereon are referred 0 as substrates,

(8031} Notg that herein, the terms “oxygen scavenger’ and “oxygen removal” and
“‘deoxygenation” may be used interchangeably. It is understood that an oxygen scavenger
may correspond to, or be related {0 an oxygen removal or deoxygenation, and that the
oxygen removal or deoxygenation may refer (o the oxygen scavenger.

[0032] Note that herein, the terms “film” and "layer” may be used interchangeably. It is
understood that a film may correspond to, or related to a layer, and that the layer may refer
o the film. Furthermore, one of ordinary skill in the art will recognize that the terms “film” or

"
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“layer” used herein refer to a thickness of some material laid on or spread over a surface
and that the surface may range from as large as the entire wafer to as small as a trench or
aline.

v

[0033] Note that herein, the terms “aperture”, “gap”, "via”, "hole”, "opening”, “trench” and
“structure” may be used interchangeably to refer to an opening formed in a semiconductor
substrate.

(0034 Note that herein, the terms “deposition temperature”, “substrate temperature”
and “process temperature” may be used interchangeably. I is understood that a substrate
femperature may correspond to, or be related o a deposition temperature or a process
temperature, and that the deposition temperature or process temperature may refer {0 the
substrate temperature.

(80351 Note that herein, the terms “precursor” and “deposition compound” and
“deposition gas” may be used interchangeably when the precursor is in a gaseous state at
room temperature and ambient pressure. it is understood that a precursor may correspond
io, or be related {0 a deposition compound or deposition gas, and that the deposition
compound or deposition gas may refer {¢ the precursor.

[0038] As used hersin, the abbreviation "NAND" refers 10 a "Negated AND" or "Not
AND" gate; the abbreviation "2D" refers to 2 dimensional gate siruciures on a planar
substrate; the abbreviation “30° refers to 3 dimensional or vertical gate structures, wherain
the gate structures are stacked in the vertical direction.

{80371 Ranges may be expressed herein as from about one particular value, andior to
about another particular value. When such a range is exprassead, itis 1o be understood that
ancther embodiment is from the one particular value and/or to the other particular valug,
along with all combinations within said range. Any and all ranges recited in the disclosed
embodiments are inclusive of their endpoints {i.e., x=1 to 4 orxranges from 1 1o 4 includes
x=1, x=4, and x=any number in between), irrespective of whether the term “inclusively” is
used.

[0038] Reference hersin o “one embodiment” or “an embodiment” means that a
particular feature, structure, or characteristic described in connection with the embodiment
may be included in at least one embodiment of the invention. The appearances of the
phrase "in one embodiment” in various places in the specification are not necessarily all
referring to the same embodiment, nor are separate or alfernative embodiments necessarily
mutually exclusive of other embaodiments. The same appiies 1o the term “implementation.”

[0039] As used in this application, the word “exemplary” is used herein o mean seving
as an example, instance, or illustration. Any aspect or design described herein as
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‘exemplary” is not necessarily to be construed as preferred or advantageous over other
agpecis or designs. Rather, use of the word exemplary is intended {o present concepis in
a concrete fashion.

[0040] “Comprising” in a claim is an open tansitional term which means the
subsegquently identified claim elements are a nonexclusive listing i.e. anything else may be
additionally included and remain within the scope of “comprising.” “Comprising” is defined
herein as necessarily encompassing the more limited transitional terms "consisting
essentially of" and "consisting of; “comprising” may therefore be replaced by "consisting
essentially of’ or “consisting of’ and remain within the expressly defined scope of
“comprising”.

[0041] Additionally, the term "or” is intended to mean an inclusive “or” rathar than an
exclusive “or”. That is, untess specified otherwise, or clear from context, "X employs A or
B is intended to mean any of the natural inclusive permutations. Thatis, if X employs A; X
empioys B; or X employs both A and B, then “X employs A or B is satlisfied under any of
ihe foregoing instances. In addition, the arlicles “g” and “an” as used in this application and
the appended claims should generally be consirued (o mean “one or more” uniess specified
otherwise or clear from context {0 be directed {o a singular form.

Brief Description of the Drawings
[0042] For a further understanding of the nature and objects of the present invention,
reference should be made io the following detailed description, {aken in conjunction with
the accompanying drawings, in which like elements are given the same or anslogous
reference numbers and wherein:

FIG 1a is powder X-ray diffraction (PXRD) pattern and fitting of WCls and MoQO:Clz
mixture before the reaction in accordance with an exemplary embodiment of the present
invention;

FIG 1b is PXRD pattern and fitting of WCls and MoQ2Clz mixture after the reaction
in accordance with an exemplary embodiment of the present invention;

FIG 2a is a flowchart of an ALD process with HCDS as an oxygen scavenger and
Hz as a reducing agent in accordance with an exemplary embodiment of the present
invention;

FIG 2b is X-ray photoslectron spectroscopy (XPS) of the ALD at 485°C as shown in
FIG 2a with HCDS as an oxygen scavenger and Hsy as the reducing agent in accordance
with an exemplary embodiment of the present invention;

FIG 3ais a flowchart of an ALD proceass with Hz as a reducing agent in the absence
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of HCDS as oxygen scavenger in accordance with an exemplary embodimeant of the present
invention; and

FIG 3b is XPS of the ALD at 485°C as shown in FIG 3a with H; as the reducing
agent in the absence of HCDS as oxygen scavenger in accordance with an exemplary
embodiment of the present invention.

Description of Preferred Embodiments

[6043] Disclosed are methods of using a reagent o remove oxygen from a metal-oxo
precursor (oxygen-containing metal precursor) or an intermediate film formed by deposition
of the metal-oxo precursor in thin film deposition processes. The disclosed are methods of
using & highly oxophilic compound as the reagent t© remove oxygen from a metal-oxo
precurscr or an intermediate film formed by deposition of the metal-oxo precursor in ALD
and CVD processes. The disciosed metal-oxo precursors include metal oxyhalide
precursors. More specifically, the disclosed are methods of using a highly oxophilic
compound as the reagent to remove oxygen from a metal oxyhalide precursor or an
intermediate film formed by deposition of the metal oxyhalide precursor in oxyhalide-based
ALD and CVD processes.

[0044] The disclosed methods include the usage of the disclosed oxophilic reagent
facilitates oxygen removal from the intermediate films formed by deposition of the metal
oxyhalide precursor {0 reduce the process temperature at which the ALD or CVD takes
place o vield a metal or a metal nitride film with low oxygen content or impurity. The
discliosed methods include a process of using the disclosed oxophilic reagent 1o remove
oxygen from intermediate films or intermediate oxo-halogenated metal surfaces formed by
deposition of the disclosed metal oxyhalide precursor in oxyhalide-based ALD and CVD
processes, thereby reducing the temperature at which the ALD or CVD takes place to yield
a metal or a metal nitride film with low oxygen content. The disclosed methods include g
process of using the disclosed oxophilic reagent to remove oxygen from the disclosed metal
axyhatlide precursor, thereby forming a metal halide layer deposited on a surface through
ALD and CVD processes. The metal halide then may be reduced to a metal or a metal
nitride film with low oxygen content by introducing a reducing agent. Furthermore, the
disclosed are methods of formation of metal or metal nitride films from the metal-oxo
precursors, morg specifically metal oxyhalide precursors, with the usage of oxophilic
reagents with or without a nead of a reducing agent. The disclosed metal-oxo precursors
may be metal oxyhalide precursors. Hereinafter, the metal oxyhalide precursor is used
throughout the entire specification, but is not limited to. The disclosed are film forming
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compositions including metal oxyhalide precursors, oxophilic reagenis and reducing
reagents.
(00457 in order to lower the process temperature, it may be assumed thal applying
oxygen scavengers (heresin the oxophilic reagents or compounds), the deposition of a metal
film, such as Mo film, couid be achieved, by facilitating the removal of oxygen, i.e., reduction
by deoxygenation.
[6048] The advantages of the disclosed methods include: 1) fluorine free reactions and
processes; 2) non-plasma processes or plasma processeas; 3) low tamperature processes,
preferably deposition temperature less than 500°C; 4) exiremely low O-residue impurity,
preferably < 1.5% of oxygen left in the deposited film after reaction, more preferably <«
approximately 1% of oxygen left in the deposited film afler reaction.
(00477 For oxophilicity, Kepp (Kepp, K. P, A Quantitative Scale of Oxophilicity and
Thiophilicity, Inorganic Chermistry, 2018, 55, 8461) summarizes well the oxophilicity of
elements in the Periodic Table. In the disciosed methods, the oxophilic reagent from those
elements that have higher oxophilicity than the metal of the metal oxyhalide precursor may
be chosen. To make the oxophilic reagents work in ALD/CVD process, the oxophilic
reagerts and their oxidized products have io be volatile (¢ ease the delivery and removal
50 that no frace of those elements will be laft on the surface of deposition films.
[8048] Herg, the disclosed oxophilic reagent may be a volatile compound containing an
element having a higher oxophiiicity than the metal of the metal oxyhalide precursor.
[6048] The disclosed oxophilic reagents may be selected from transition metal-
containing or main group element-containing compounds 1o remove, exchange, scavenge
or transfer the oxygen from the metal oxyhalide precursors. The transition metal or main
group element in the oxophilic reagent has a higher oxophilicity than the metal of the metal
oxyhalide precursor, which may correspond to g reduction of the metal center of the metal
oxyhalide precursor, or leave the oxidation state unchanged, i.e., ligand exchange.
[0050] The disclosed metal oxyhalide precursors may have a general formula

MEX e,
wherein M is Mo, W, V, Nb, Ta, and Cr; X is a halogen; a is the oxidation state of M and a
is an integer ranging from 3 {0 6; cisanumber, 0 <c <8, eisanumber, 0 <e<3;c+2e=
a. Preferably X is selected from Ci, Br or I In one embodiment, the metlal oxyhalide
precursor is selecied from {ransitional metal oxyhalide precursor. Preferably, the metal
oxyhalide precursor is selected from MoO:Clz, MoQCl, WOCH, WO,Cls, NbOCH, TaGOCls,
CroCl or the like.
{80513 The disclosed oxophilic reagent may have a general formula
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N®X Oy,
whaerein N is a transition metal halide or axyhalide, or a Group 14 or 15 halide, oxyhalide or
oxide, X is a halogen,; b is the oxidation state of N and b is an integer ranging from 3 {0 8;
disanumber, 0d <6, fisanumber, 0 <f<3; d+ 2f = b Preferably X is selecied from
Cl, Brorl
[0052] Here, oxophilicity of N in N®X,Or should be larger than oxophilicity of M in
M@X 0. For example, Mo < W in oxyphilicity. Thus, the oxophilic reagent N®Xs0Or is
selected from the oxophilic reagent that contains an element of transition metal, or an
glement from the Group 14 or 15, wherein the oxophilicity of their main element (ie., the
transition metal or Groups 14 and 15 element) in the oxophilic reagents is higher than that
of the metal in the metal oxyhalide precursors.
(80831 Preferably, the disclosed oxophilic reagents may be selacted from:
Group 14
C-containing: CCls, CBry, COCH,, CO, and R-N=C=0, wherein R is g saturated
or unsaturated hydrocarbon group, such as an slkyl group,
preferably, R = H, Me, Et, iPr, nPr, iBu, tBu, sBu, nBy;
Si-comtaining: SERX, whereinx =105, vandz=0t012, y+252x+2, Xis a
hailogen selected from Cl, Br, §; Ris H, a saturated or unsaturated
hydrocarbon group, aming group, alkoxy group, or silyl group;
Group 15
N-containing: NO, N:O;
P-containing: PCls, PBrs, Ply; or
Transition metal-containing: VCls, VCls, NbCis, TaCls, WCls, WCls, WO, or WCH,.
(80541 Alternatively, the disclosed oxophilic reagents may be Si-containing oxophilic
reagents SLRX,, whereinx=110 5, yand z=010 12, v + 2 £ 2x+2; X is a halogen selected
from Ci, Br, | R is H, a saturated or unsaturaied hydrocarbon group, amino group, atkoxy
group, or silyl group. Exemplary Si-containing oxophilic reagents include SixCls, Si:ClsH,
SizClaMe,, SiClMes, SizCloMes, ShBrs, SizBrsH, SihBraMes, SkBrMes, SixBroMes, SiBrsH,
SizMes, Sivle, SizlsH, Sila(Me)s, Si{OMe)s, Sia{NRy)s (whersin R=H, Me, Et), & L,
SisCls, SiaBrs, Sials, or Sik{Me)sH. Preferably, the Si-containing oxophilic reagent is 5izCls
(HCDS).
[00585]  Alternatively, the oxophilic reagents N®XCr may be selected from non-halide

containing precursors (with d = 0) with similar criteria as their main elements having higher
axophilicity than the metal in the metal oxyhalide precursors. Preferably, those oxophilic
reagents are selected from:
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Group 14. CO, and R-N=C=0, wherein R is a salurated or unsaturated
hydrocarbon group, such as an alkyl group, preferably, R = H, Me, Et,
iPronbr, 1By, 1By, sBu, nBy; or

Group 15 NO, N:O.

[0056] Alternatively, the oxophilic reagents N®X.0Or may be an isccyante having a
formula R-N=C=0Q, wherein R is a saturated or unsaturated hydrocarbon group, such as an
alkyl group, preferably, R = H, Me, Et, iPr, nPr, iBu, tBu, sBu, nBu. When an isccynaie is
used as an oxophilic reagent, the M=0 bond of the metal oxyhalide precursor will be
replaced by M=N-R bond, which [eads {o the formation of a meatal nitride film rather than a
pure metal film. Herein, C and N elements have higher oxophilicity than the metal in the
metal oxyhalide precursor. Praferably the isocynate is tBu-N=C=0. When tBu-N=C=0 is
used as an oxophilic reagent, the M=0 bond of the metal oxyhalide precursor will be
replaced by M=N-1Bu bond, which leads to the formation of a metal nitride film rather than
a pure metal film.
[0057]  Alternatively, the oxophilic reagent N®Xq0r may be a transition metal halide or
oxyhalide. Exemplary transition metal-containing halides or oxyhalides include VCly, VG,
NbCls, TaCls, WCls, WCls, WOCH,, and WL
[0058] in one embodiment, a reducing agent may be used in addition {o the oxophilic
reagent NOXOr to convert the deposited film to a metal film. The reducing agent may be
Hz, BaHe, HCY or the like for the formation of a matal form. The reducing agent may be NHs
for the formation of 2 metal nitride film.
[0059] Alternatively, the oxophilic reagent itself may also act as a reducing agent
capable of reducing the metal oxyhalide precursor to metal. In this case, the oxophilic
reagent acts as both an oxygen scavenger and a reducing agent. For example, CO may
act as both an oxygen scavenger and a reducing agent.
[8080] In general, there are three general reaction schemes or equations of oxygen
removal reactions or deoxygenations from the metal oxyhalide precursor, as described
balow.
[6081] Equation {: Oxidation state of metals of the metal oxyhalide precursors does not
change:
MEX 0 + NOXOr —» MOXp0s + NOX 00 ()

wherein

M@0, is @ metal oxyhalide precursor, wherein M is Mo, W, V, Nb, Ta, and Cr; X
is a halogen; a is the oxidation state of M and a is an infeger ranging from 310 6, cis a

number, 0<c<B eisanumber, 0<e<3 ¢c+Zex=g
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N®Xq0¢ is an oxophilic reagent, wherain N is a transition metal halide or oxyhalide,
or a Group 14 or 15 halide, oxyhalide or oxide; X is a halogen; b is the oxidation state of N
and b is anintegerrangingrom 3106, disanumber, Osd <8 fisanumber, D <f<3; d
+2f=Dh;
provided that oxophilicity of N in N®XOy is larger than oxophilicity of M in M®X.Os.,
and NOXOr and NOX;.:041 are volatile. Preferably X is selected from Cl, Bror |
[eo8y Examples of Equation [
1) Metal oxyhalide precursor being MoO:2Clz and oxophilic reagent being WCIs, which
removes oxygen in seguential steps:
Mo™MICKLO2 + WYICT — MoVICHLO + WVICLO
MoMICKLO + WVICls — MoMICls + WVICHO
wherein WYICls and WVICLO are volatile,
2) Removing two M=0 in one single step, metal oxyhalide precursor being MoO,Cl
and oxophilic reagent being WCls:
MoMICLO, + 2WMCEK — MoMCls + 2WVICHE
wherein WYCle and WYICLsO are volatile.
3} Reaction product Mo™Cls in 1) and 2) is unstable and undergoes further reaction:
MoMCls — Mo™iCly + Gl
MoMiCl + 2Hz —» Mo©@ + 4 HCI
wheregin, MoY9Cly may be reduced to Mo and HCI by Hy, or heated to decompose to Mo
and Cla.
[0083] Equation il; Oxidation state of metals in the metal oxyhalide precursor changed
by two
MK Ce + NOX O — MEIXOpq + NEAX O (h
wherein
M@X 0. is & metal oxyhalide precursor, wherein M is Mo, W, V, Nb, Ta, and Cr; X
is a halogen; a is the oxidation state of M and a is an infeger ranging from 310 6, cis a
number, 0<c<B gisanumber, 0<eg<3 c+2e~g
N®X,0: is an oxophilic reagent wherein N is a transition metal halide or oxyhalide,
or a Group 14 or 15 halide, oxyhalide or oxide; X is a halogen; b is the oxidation state of N
and bis anintegerrangingfrom 306, disanumber, 0 sd <6, Tisanumber, 0 <f<3; d
+2f=Db;
provided that oxophilicity of N in N®XyOr should be larger than oxophilicity of M in
MEXOe, and NOX O and NE*3X0rq are volatile. Preferably X is selected from Cl, Br or
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i
[0064] Example of Equation Il Metal oxyhalide precursor being Mo(G2Clz and oxophilic
reagent being WCl4:
MoMICEO: + WG — MoiCly + WYICKLO,
MoMICls + 2 Hy — Mo®@ + 4 HCI
wherein, Mo™Cls may be reduced to Mo and HCI by Mz, or heated to decompose to Mo
and Clz; WVCH and WYICLO, are volatile.
{0065] Equation il oxidation state of metals in the metal oxyhalide precursaor changed
by one:
M@XOe + NOXGO: — MEUXo1Oer + N® X0 (H)
whearein
M®X.Qe is 8 metal oxyhalide precursor, whersin M is Mo, W, ¥, Nb, Ta, and Cr; X
is a halogen; a is the oxidation state of M and a is an integer ranging from 3106, cis a
number, 0<c<B gisanumber, O<a<3 c+28=g
N®XyCr is an oxophilic reagent, wherein N is a transition metal halide or oxyhalide,
or a Group 14 or 15 halide, oxyhalide or oxide; X is g halogen; b is the oxidation state of N
and bis aninteger ranging from 310 6; disanumber, 02 d <§; fisanumber, 0 <{« 3 d
+2f=Db;
provided that oxophilicity of N in N®XOr should be larger than oxophilicity of M in
M@OX s, and NOXCr and N®*UX 04O are volatile. Preferably X is selected from Ci, Bror
L
[o068] Example of Equation HE
1) Metal oxyhalide precursor being MoQ:Clz and oxophilic reagent being WCs!
MoMICO, + WYCE — MoMICKLO + WVICKLO
MoMICEO + WVICE —» Mo™Cl + WYICLO
Mo™iCl+ 2 H, — Mo® + 4 HCI
wherein Mo™Cls may be reduced to Mo and HCI by Hz, or heated to decompose to Mo and
Clz; WYCIs and WYICLO are volatile.
2y Removing two M=0, metal oxyhalide precursor being MoQ,Cly and oxophilic reagent
being WCs:
MaMCLO, + WG — MoVC + WYICLD:
2MoMCls+ 5 Hy — 2 Mo® + 10 HCI
wherain Mo®™Cl, may be reduced to Mo and HCI by He, or heated to decompose to Mo and
Clz; WICHEs and WYCHLO, are volatile.
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[0067]
oxophilicity, the main element {e.q., C, N, P, &i, transition metals V, W, Nb, Ta) of the

Selection criteria for the disclosed oxophilic reagents shouid be that i) regarding

oxophilic reagent should be larger than that of the metlal of the maetal oxyhalide precursor;
and iy the oxophilic reagent and its reaction products {(e.g., M= form products) are volatile.
Table | is exemplary promising elements and their oxophilicity, volatile oxophilic reagents,
and volatile oxygenated products that may be used as an oxophilic reagent either before

reaciing with oxygen and after reacting with oxygen in the metal oxyhalide precursors.

Table !
Oxophilic Reagents and Oxygenated Products and
Elements Cxophilicity | Their volatility Their Volatilities
{b.p. at ambient pressurs) {b.p. at ambient pressure)
CClL (76.7°C),
CBrq (182.5°C),
C 1.4 COCL(8.3°C), CO:2 {-78.5°C)
CO (-181.5°C),
{Bu-N=C=0 (85°C)
SixCle (147°C),
Six{CHa)s (113°C), 3i20Cke (137°C),
Si 0.8 Sia{Chs{CHs)a(48°C), 5i0(CHajs (100°C),
Sia{Chs (213°C), SROCL{CHa)2 (138°C)
Sig{CHs)e{HY40°C at 26torr)
vV 0.8 VOIs (154°C) VOCI (126.7°C)
Nb G.8 NbCls (248.2°C) NbOCI:(200°C)
Ta 0.8 TaCls (239.4°C) TaOCls (~345°C)
WCls (348.7°C),
W 0.8 WCls (275.6°C), WOCH (227 .6°C),
: WClg (esl. 330°C), WOClz (~450°C)
WOCI, (227 .8°C)
N 0.7 NO (-152°C), NCs(21°C),
) NoO (-88.5°C) NO (-152°C)
PCI{76.1°C), O=PClz (105.8°C),
P 6.7 PBr; (173.2°C), O=PBr; (192°C),
Pls (200°C) O=Pl; (~235°C)
Cr G8 CrCls (»1000°C) Cro:Clz (117°C)
- MoC.Clz
Mo 0.8 EOOCE4 {,;253 C), {Sublimation temperature:
oCls (268°C) 184°C)

Volatility values are b.p. al ambient pressure, uniess otherwise stated.
“ Referring io Gaggeler, H. W., Online Gas Chemistry Experiments with TransActinide
Elements, J. Radioanal. Nucl. Chem., 1994, 183, 264-271.

[0068]

Here, not all-transitional metal for the oxophilic reagent meet the selection

criteria. For example, TiCls, ZrCls, HICl,, Lallz, and CeClz do not meet the selsction criteria
because there is no literature report showing their oxyhalides exist and are volatile encugh
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although their oxophilicities are much higher than Mo. Similarly, CrCi; is too nonvolatile
enough to be used as an oxygen removal reagent.

{0069] in the case of silicon compounds used as an oxophilic reagent, while there are
no known stable and volatile oxyhalides, the deoxygenation may happen by the formation
of a siloxane compound, which may be volatile. As such, silanes, and especially polyhalo-
polysilanes such as STl or SizHCls are especially good candidates o remove O from
metal oxyhalides. As such, polysiianes such as SkCls, SkbHCis SizMes, are especially proper
candidates to remaove O from the metal oxyhalide pracursors.

[0070] For exampie, when the metal oxyhalide precursor is Mo(.Cly, the possible
oxophilic reagents containing the oxophilic elements may be selected from:

Group 14: C-containing: CCls, CBry, COCL, CO, and R-N=C=0, wherein R is a
saturated or unsaturated hydrocarbon group, such as an alkyl group,
preferably, R = H, Me, Et, iPr, nPr, iBu, 1By, sBu, nBu;

Si-containing, SERK,, whersinx = 1105, yandz= 01012, y + 2 £ 2x+2;
X is a halogen selected from CI, Br, | R is H, & saturated or
unsaturated hydrocarbon group, amino group, alkoxy group, or silyl
group, such as SixCls, ShOH, SixChMe,, ShXCIMes, SiChMe,, SiBrs,
SixBrsH, SiBraMe,, SiBrMes, ShBroMes, SkBrsH, SihMes, Sils,
SizlsH, Sizla(Me)z, Siz(OMe)s, Si(NRz)s (wherein R=H, Me, Ef),
A L, SiaCls, SisBrs, Sials, or Sla(Me)eH;
Group 15: N-containing. NO, N0,
P-containing: PCls, PBrs, Pls; or
Transition metal-containing: VCls, VCl;, NbCls, TaCls, WCls, WCls, WOC, WCl,.
{8071} Similar approach may be applied o oxygen removal or deoxygenation
applications of other metal oxyhalide precursors. For example, CrO:Clz is very volatile and
may be used as a metal oxyhalide precursor for Cr deposition with similar process as
MoO.Cl. To that end, an oxophilic reagent may be used to facilitate a clean removal of
axygen, which may be sslected from:

Group 14: CCls, CBra, COCly, CO, and R-N=C=0, wherein R is a saturaied or

unsaturated hydrocarbon group, such as an alkyl group, preferably, R =
H, Me, Bt iPr. nPr, By, By, sBu, nBuy;

SR, whereinx= 1105, yandz= 010 12, vy + 2 s 2x+2; Xis a halogen
selected from Cl, Br, [} R is H, a saturated or unsaturated hydrocarbon
groug, amino group, alkoxy groug, or silyl group; such as SikCls, SizClsH,
SkCliMe, ShOIMes, ShObMes, Si:Brs, Si:BrsH, ShBriMes, ShBries,
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SizBroMes, SiBrsH, SiaMes, Sials, SizlsH, Sizla(Me)z, Sia(OMeds, Sia(NR2s
{wherein R=H, Me, El), & sC, SialCle, SisBra, Sisls, or Sis(Me)aH;
Group 15 NO, N2QO, PCls, PBrs, Pls; or
Transition metall VG, VCls, NbCls, TaCls, WCls, WCls, WOCH, WCL.
[0072] in a CVD or ALD process, the removal of the oxygen from the metal oxyhalide

precursor or from an intermediate film formed by deposition of the metal oxyhalide precursor
by the oxophilic reagent may generally be complemented by a full reduction of the metal
centar (metal intermediate M-X) to form a metallic film. Asg such, the oxophilic reagent may
ke used in combination with a complementary reducing reagent such as Hsz {o convert M-X
into M and HX, where X = Ci, Br or |, M = metal from the metal oxyhalide precursor.
However, once the oxygen is aliminated from the film, other hydrogen reducing agents may
be used, such as AlH:;, AlHaL (where L is a neutral ligand, such as diethylether,
tetrahydrofuran, disthyl suifide, trimethyl amine, triethyl aming, stc.), SiHy, SizHs, BoHa, PH3,
eic.

(80731 in order to avoid the reduction of the oxophilic reagent by the complementary
reducing reagent, the process is preferentially carried out in an ALD or pulsed CVD mode,
with a sequential exposure of the substrate {0 the metal oxyhalide precursor, the oxophilic
reagent and the complementary reducing agent. The order of the sequence may be varied
depending on the selected chemistry. For example, an order of the seguence may be: i)
metal oxyhalide precursor (adsorption of the M¥X 0. precursor on the substrate); i)
oxophilic reagent {reduction reaction or deoxygenation of the adsorbed metal oxyhalide
precursar); i) complementary reducing agent (reduction to metal of the metal intermediate
obtained in the deoxygenation reaction}. An allernative order of the sequence may be )
metal oxyhalide precursor pius the oxophilic reagent (reduction reaction or deoxygenation
of the metlal oxyhalide precursor); i} addition of a complementary reducing reagent
{reduction {o a metal of the metal intermediate obtained in the deoxygenation reaction).
(8074} The oxophilic reagent may alsc play the role of the reducing agent. For instance,
CO may be both an oxophilic agent (C0 — CO») and a reducing reagent (CO — COCH).
Similarly, HSICEL may both remove O in the MO metal oxyhalide precursor (M is metal,
Xis Cl, Brorti, xandy are integers) and reduce o break M-X bonds from the metal
intermediate obtained from the deoxygenation reaction through the formation of SiCl:-0O-
SiCH; and 2 HX as by-products.

[0075] In order to form a metal nitride (MN,) film, the reducing agent may be replaced
by a nitride reagent, such as NH,, leading 1o a metal nitride film.  In the metal nitride film
application, an alky! or silyl isocyanate such as tertButyl isccyanate may be used as an
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oxophilic reagent {0 remove the oxygen from the metal oxyhalide. {Bu-imido is bonded to
the metal center of the infermediate that replaces the M=0 bonds to form two tBu-imido
bonds, which will iead 1o the metal nitride film (Equation V),

-M=0 + Bu-N=C=0 - -M=N4ABu+ CO: (IV)
[0078) in one embodiment, the disclosed method/process may be a CVD process. The
CVD process may or may not be a plasma enhanced CVD. Preferably the CVD process is
not a plasma process. More preferably the CVD is a thermal CVD.
(0077 Alternatively, the disclosed method/process may be an ALD process with a
sequential exposure of the surface {0 reactants, such as metal oxyhalide precursor,
oxophilic agent, reducing agent, whers the oxophilic reagent reacts with the metal oxyhalide
precursor forming a metal intermediate; the metal intermediate reacts with a complementary
reducing reagent such as Hz to form a pure metal film. The ALD conditions within the
chamber aliow the disclosed metal oxyhalide precursor adsorbed or chemisorbed on the
substrate surface to react and form a film on the substrate. In some embodiments, the metal
oxyhalide precursor may be plasma treated. in this case, the ALD process becomes a
PEALD process. Thus, the ALD process may or may not be a plasma enhanced ALD
process, preferably the ALD process is not g plasma enhanced ALD process. The ALD
process may be a thermal ALD or a spatial ALD,
[8078] Alternatively, the disclosed process may be an ALD process with a sequential
exposure of the surface 1o the reactants (precursor / oxophilic agent / reducing agent),
where the oxophilic reagent forms M=N-Bu bond with M=0,; the reducing reagent is
selected as NHa to form a nitride film.
{8079 The disclosed metal oxyhalide precursor, oxophilic reagent and reducing agent
may be introduced into the reactor either simultaneously (CVD) or sequentially (ALD). The
reactor may be purged with an inert gas (for example, Nz, Ar, Kr, Xe) between the
introductions of the metal oxyhalide precursor, oxophilic reagent and reducing agent.
Alternatively, the metal oxyhalide precursor and oxophilic reagent may be mixed together
o form a metal oxyhalide precursor and oxophilic reagent mixture, and then introduced to
the reactor in a mixkiure form. The reactor may be purged with an inert gas, such as Na, Ar,
Kr, Xe, between introduction of each film forming composition or a mixture of the metal
oxyhalide precurscr and oxophilic reagent.
{80803 Purity of the disclosed film forming composition, or the disclosed metal
oxyhatlides, the oxophilic reagent and reducing agent are greater than 3% wiw (iL.e., 85.0%
wiw to 100.0% wiw), preferably greater than 98% wiw {i.e., 88,0% wiw 10 100,0% wiw), and
more preferably greater than 99% wiw (f.e., 99.0% wiw to approximataly 99.898% wiw or
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99.0% wiw o 100,0% wiw). One of ordinary skills in the art will recognize that the purity
may be determined by NMR spectroscopy and gas or liguid chromatography with mass
specirometry. The disclosed film forming compositions may contain any of the following
impurities: THF, ether; pentane; cycichexane,; heptanes, benzene; toluene; halogenated
metal compounds; or the like. The total guantity of these impurities is preferably below 5%
wiw {i.e., 0.0% wiw to 5.0% wiw), preferably below 2% wiw (i.e., 0.0% wiw 10 2.0% wiw),
and more preferably below 1% wiw (i.e., 0.0% wiw 0 1.0% wiw). Preferably, the water
contant or impurity in each of the film forming compaosition is less than 20 ppm by weight.
The purified disclosed film forming composition may be purified by recrysiallization,
sublimation, distillation, and/or passing the gas liquid through a suitable adsorbent, such as
4A molecular sieves.

{8081} The disclosed film forming composition may be supplied either in neat form or
in & blend with a suitable solvent, such as ethyl benzene, xylene, masitylens, decalin,
decang, dodecane. The disclosed metal oxyhalide precursors and the oxophilic reagents
may be present in varying concentrations in the salvent,

[0082] The neat blended disclosed film forming compositions are introduced into a
reactor in a vapor form by conventional means, such as tubing andfor flow meters. The
vapor form may be produced by vaporizing the neat blended compaosition through a
conventional vaporization step such as direct vaporization, distillation, by bubbling, or by
using & sublimator, such as the one disclosed in PCT Publication W0O2009/087809 to Xu et
al. The neat blended composition may be fed in liquid staie to a vaporizer where it is
vaporized before it is introduced into the reactor. Alternatively, the neat blended
compasition may be vaporized by passing & carrier gas into a container containing the
composition by bubbling the carrier gas inte the composition. The carrier gas may include,
but is not limited {0, Ar, He, Np, and mixtures thereof. Bubbling with a carrier gas may also
remove any dissolved oxygen present in the neat blended composition. The carrier gas and
composition are then introduced into the reactor as a vapor,

{80833 if necessary, the container containing the disclosed film forming compaosition
may be heaisd to a temperature that permits the composition o have a sufficient vapor
pressure. The container may be maintained af temperatures in the range of, for example,
approximately 0°C {o approximately 200°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
Rrecursor vaporized.

{o084] The reactor may be any enclosure chamber within a device in which deposition
methods take place such as without limitation, g paraliel-plate type reacior, a cold-wall type
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reactor, a hot-wall type reactor, a single-wafer reactor, a multi-wafer reactor, other types of
deposition systems under conditions suitable to cause the compounds o react and form
the layers. One of ordinary skill in the art will recognize that any of these reaciors may be
used Tor either ALD or CVD deposition processes.

[0085] The reaction chamber may confain one or more than one substrate. For example,
ihe reaction chamber may contain from 1 to 200 silicon wafers having from 25.4 mm to 450
mm diameters. The subsirate is generally defined as the material on which a process is
conducted. The subsirates may be any suitable substrate used in semiconductor,
photovoltaic, flat panel, LOD-TFT device manufaciuring. Examples of suifable substrates
include wafers, such as silicon, silica, giass, Ge, SiGe, GeSn, InGaAs, Gabb, InP, or GaAs
wafers. The wafer will have multiple films orlayers on it from previous manufacturing steps,
inciuding silicon-containing films or layers. The layers may or may not be patterned. For
axample, the wafers may include a dielectric layer. Furthermore, the wafers may include
siticon layers (crystaliine, amorphous, porous, efc.), silicon oxide layers, silicon nitride
layers, silicon oxy nitride layers, carbon doped silicon oxide (SICOH) layers, metal, metal
oxide metal nitride layers (Ti, Ru, Ta, eic), and combinations thereof. Additionally, the
wafers may include copper layers noble metal layers (e.g., platinum, palladium, rhodium,
gold). The wafers may include barrier layers, such as manganese, manganese oxide, etc.
Plastic layers, such as poly(S 4-ethylensdioxythiopheneipoly(styrenasulfonate)
[PEDOT.PSS] may also be used. The layers may be planar or patlerned. The disclosed
processes may deposit the layer directly on the wafer or directly on one or more layers on
top of the wafer when patterned layers are formed on the substrate. The patterned layers
may be aiternating layers of two specific layers such as Inx0x and Zr0, used in 3D NAND.
Furthermore, one of ordinary skill in the art will recognize that the terms "film” “layer” used
herein refer {0 a thickness of some material laid on or spread over a surface and that the
surface may be a trench a line. Throughout the specification and claims, the wafer and any
associated layers thereon are referred {0 as subsirates.

{80863 The temperature and the prassure within the reactor are held at conditions
suitable for vapor depositions, such as ALD and CVD. in other words, after introduction of
the vaporized disclosed film forming composition into the chamber, conditions within the
chamber are such that at ieast part of the precursor is deposited onto the substrate to form
a layer. For instance, the pressure in the reactor or the deposition pressure may be held
between about 107 torr and about 100 torr, more preferably between about 10 torr and 10
torr, as required per the deposition parameters, Likewise, the temperature in the reacior or
the deposition iemperature may be held betweaen about 100°C and about 500°C, preferably
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betwaen about 150°C and about 485°C. One of ordinary skill in the art will recognize that
“at least part of the precursor is deposited” means that some all of the precursor reacts with
adheres to the substrate,

[0087] The temperature o achieve optimal film growth may be conirolied by either
controlling the temperature of the substrate holder. Devices used {0 heat the substrate are
known in the art. The substrate is heated {o a sufficient temperature to obtain the desired
film at a sufficient growth rate and with desired physical state and compaosition. A non-
limiting exemplary temperature range to which the substrate may be heated includes from
approximately 50°C to approximately 500°C. When a plasma deposition process is utilized,
the deposition temperature may be less than approximately 500°C, preferably, less than
approximately 400°C. Alternatively, when a thermal process is performed, the deposition
iemperature may range from approximately 100°C to approximately 500°C.

[o088] Altemnatively, the substrate may be heated to a sufficient temperature 1o obtain
ihe desired metal film at a sufficient growth rate and with desired physical state and
composition. A non-imiting exemplary temperature range to which the substrate may be
heated includes from room temperaiure to approximately 500°C. Preferabiy, the
temperature of the substrate remains less than or equal to 500°C.

[0088] Each puise of the disclosed film forming compaosition may last for a time period
ranging from about 0.001 seconds to about 120 seconds, altermnatively from about 1
seconds to about 80 seconds, alternatively from about 5 seconds to about 30 seconds. The
oxophilic reagent may also be pulsed into the regotor. in such embodiments, the puise of
each may last for a time period ranging from about 0.01 seconds to about 120 seconds,
alternatively from about 1 seconds to about 30 seconds, alternatively from about 2 seconds
{0 about 20 seconds. In another allernative, the vaporized film forming compositions and
the oxophilic reagent may be simultaneously sprayed from different sectors of a shower
head (without mixing of the compaosition and the reactant) under which a susceptor holding
several wafers is spun (spatial ALD).

{80207 Depending on the particular process parameters, deposition may take place for
a varying length of time. Generally, deposition may be aliowed to continue as long as
desired necessary o produce a film with the necessary properties. Typical film thicknesses
may vary from several angstroms o several hundreds of microns, and typically from 1 {o
100 nm, depending on the specific deposition process. The deposition process may also
be performed as many times as necessary to obtain the desired film.

[0091] The disciosed methods for deposition of & metal or metal nitride film on a
subsirate comprises the steps of. reacting a metal oxyhalide precursor with an oxophilic
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reagent in a reactor containing the substrate to deoxygenate the metal oxyhalide precursor,
and forming the metal or metal nitnide film on the substrate through a vapor deposition
process. Here, the substrate may be exposed {o the metal oxyhalide precursor and the
oxophilic reagent simultaneocusly. Alternatively, the substrate may be exposed o the metal
oxyhatide precursor and the oxophilic reagent sequentially. After the step of reacting metal
oxyhalide with the oxophilic reagent, the subsiragie may be exposed to a reducing agent
sequentially to form the metal or metal nitride film.

[o082] Alternatively, the disclosed methods for deposition of a metal film on a substrate
inciude: placing a substrate in a reactor, delivering into the reactor a vapor of a metal
oxyhalide precursor, contacting/adsorbing the vapor with a surface of the substraie {(and
fypically directing the vapor 1o the substrate) to form a metal oxyhalide layer on the surface
of the substrate, introducing a vapor of an oxophilic reagent into the reactor to react with
the metal oxyhalide on the swrface of the substrate, forming a metal halide on the suface,
and introducing a reducing agent to reduce the metal halide {o a metal.

(80831 Alternatively, the disclosed methods for deposition of a metal film on a substrate
inciude: placing a subsirate in a reactor, delivering into the reactor a vapor of a mixiure of
a metal oxyhalide precursor and an oxophilic reagent, contacting/adsorbing the vapor with
a surface of the substrate (and typically directing the vapor o the substrate) to form a metal
oxyhalide layer on the surface of the substrate, wherein the oxyphilic reagent reacts with
the metal oxyhalide on the surface of the substrate, forming a metal halide on the surface,
and introducing a reducing agent {o reduce the metal halide to g metal

[0094] The disclosed methods for deposition of a metal nilride film on a substrate
include: placing a subsirate in a reactor, delivering into the reactor a vapor of a metal
oxyhalide precursor, contactingf/adsorbing the vapor with the substrate (and typically
directing the vapor to the substrate) o Torm a metal oxyhalide layer on the surface of the
subsirate, introducing a vapor of an oxophilic reagent containing a C-N bond, such as tBu-
N bond, info the reactor {o react with the metal oxyhalide on the surface of the subsirale,
forming a metal nitride halide intermediate on the surface, and introducing a reducing agent
{such as NHa) to reduce the metal nitride halide to a metal nitride film.

[8085] Alternatively, the disclosed methods for deposition of a metal nitride film on a
substrate include: placing a substrate in a reactor, delivering into the reactor a vapor of a
mixture of a metal oxyhalide precursor and an oxophilic reagent containing a C-N bond,
such as {Bu-N bond, contacting/adsorbing the vapor with the substrate (and typically
directing the vapor o the substrale) o form a metal oxyhalide layer on the surface of the
subsirate, wherein the oxyphilic reagent reacts with the metal oxyhalide on the surface of
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the substrate, forming & metal nitride halide on the surface, and introducing a reducing
agent (such as NHs} to reduce the metal nitride halide 10 a metal nitride film.

{80063 The purity of the produced metal or metal nitride film according to the disclosed
method may be > approximately 98.5%, preferably > approximately 99%, and the oxygen
content or impurity in the produced metal or metal nitride film may be < 1.5%, preferably <
approximately 1%.

Examples
{00871 The following non-limiting examples are provided to further illustrate
embodiments of the invention. However, the examples are not infended o be all inclusive
and are not intendad to limil the scope of the inventions describad hereain.

Exampie 1

[6098] The chemistry from condensed phases was tested to validate the concept and
reactivity. in order to confirm experimentally that the reaction between the metal oxyhalide
precursor and the oxophilic reagent is favorable at or below a target gas phase deposition
process temperature, solidfiquid phase experiments were conducted by mixing the metal
oxyhalide precursor and the oxophilic reagent and analyzing the reaction producis to
corfirm the transfer of oxygen atoms by cleaving M=0 from the metal oxyhalide precursor
o the oxophilic reagent.

[0098] The resulis using MoQ,Cl (CAS No.: 13637-88-8) as a test precursor and using
Wls, WCIs, WCl,, WOCH, or NbCls as an oxophiiic reagent are summarized below.
Experiments were conducted at 120 — 240°C for several hours. Additionally, MoQ; was
{ested 1o prove metal in its oxide form may be removed to form volatile species in a simitar
marner. In summary, before the reaction, analyses of a reaction mbdure of MoQ.Clz and
WCls, WCIs, WCl, WOCH;, Nblls, VCls, VCls, Pls, Me:SiCl or HSICl;, efe., respectively,
showed the presence of Mo=0 bond and MCi, or MCl. After the reaction at elevated
tfemperaturs, PXRD pattern, Raman spectrum (not shown), and GC spactrum if involved
liguid reagents or products (not shown) showed complete disappearance of Mo=0 bonds
and Mo(OClo, in return appearance of M=0 bond, such as W=0, Nb=0 bond when the
axophilic reagents such as WCls, WCls, WOCH, and NbCis are used, or M-O-M bond, when
the Si-based oxophilic reagent is used. For oxophilic reagent WOCH,, less reactive and
incomplate remaoval of Mo=0O bond was observed. Higher reaction temperature (8.g., <
500°C) will drive the reaction to completion. Tabie H is the results using Mo(Cl; as a metal
oxyhalide precursor, and Mo(O; as a representative of oxides, {o react with a varisty of
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oxophilic reagents.

{0100} FIG 1a is powder X-ray diffraction (PXRD) pattern and fitling of WCls and
MoQ2Cly mixture before the reaction. FIG 1h is the PXRD pattern and fitting of 2 WCls and
MoO.Clh mixture after heating at 235°C for 8 hours. By the comparison of the PXRD

patterns before and after the reaction, oxygen was completely removed from MoQ.Cls to

form MoCly, and oxophilic reagent WCls is converted into WOC.

Tabie §}

R

8

a Product 1 Product 2

c Oxophilic {Oxygen {Oxygenated ;fé?g?igf Material

t Precursors Reagents removed product from Y Oc‘m‘m Characterization

i product from oxophilic ihe Prg} duict Method

0 Precursor) reagenis)

n

#

1 Mo(O:Cls WCls MoClL WOl No PARD & Raman

2 MoC:Cls WCls MoCl WOCH No PXRD & Raman

3 MoOCiz NBCis MoCld NbOCls NG PXRD & Raman

4 Mo(CCiz WOl MoCl W0O:Cle No PXRED & Raman

5 MoOCls WCls MoCls WOCk Yes PXRD & Raman

B MoOCl Fla Moly POCH No PXRD & Raman

7 MoO.Cly VCly MoCL VOOES No PXRD & Raman

a8 MoG:Cls VCls MoCly VO, and Yeas PXRD & Raman

VOCEK

Q MoO:Cly SiHCls MoOCK* siloxanes No PXRD & Raman
& GC-MS

10 MoC:Clz SiMesCl MoCl siloxanes No PXRD & Raman
& GC-MS

11 MoOs WCls MoCl WOk No PXRD & Raman

12 MoQOs WCls Mok WOCk No PXRD & Raman

13 MoO; SiHCHh MoOCHL# sioxanas No PXRD & Raman
& GC-MS

14 MoQOs SiMesCl no reaction’ Yes PXRD & Raman
& GC-MS

* ldentity of MoCh: and Mols is not fully confirmed; MoCls decomposes into MoCls at reaction

temperature.

& fdentity of VOCI is not fully confirmed, due to its instability at reaction temperature.

A VO, is formed due to thermal decomposition of VOCI at elevated temperature. Reaction is
incomplete due to relatively low reactivity and high melling point of VCla. Increasing the reaction
temperature to 350 — 500°C should drive the reaction o completeness.

# Reaction of MoC,Ch or Mo, with SIHCL is carried out at 120°C, which is relatively low,
resulting in partial oxygen removal from MoO,:Cl: or Mo(; to form MoOCHk. By increasing the
reaction temperature, it is expected to remove oxygen from MoOCHk and leave MoCiy

! Reaction of MoQO; with SiMesCl is carried out at 120°C, which is too low. By increasing the
reaction temperature, it is expected to remove oxygen from MoO; and leave MoCiy
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Exampie 2
(0101} As described above, the most challenge to reduce MoOCiz o Mo metal is the
deoxygenation step. Thus, using an oxygen removal reagent other than Ha could facilifate
the reduction process. Few candidates of the oxygen scavengers were considered, e.g.
HCDS.
[0102]  ALD of Mo using MoGCh below 500°C with a first step of oxygen removal by an
oxophilic reagemnt is represented by Equation I A subsequent interaction of the metal
oxyhalide precursor already deoxygenated reacts under low pressure condition with a
second reducing reagent deposits a Mo material (e.g., Mo layer) may be pure (e.g., at least
95, 98, 99, 99.5, or 99.9% (atomic) Mo).
(0103} For example, an ALD process consisting of the following conditions and
sgquence was carried out (T = 488°C, total P = 10 torr) using a SiC:» substrate: A mixture
of MoQ,Cl: / HCDS (Hexachlorodisilang, SixCls, CAS No.: 13485-77-5) pulse 2.5 sec (1.01
{11.3 scom) was flown into the reactor by using argon as a carrier gas (100 scemy, followed
by argon purge 5 sec (10 scom), H: pulse & sec (600 scom) and argon purge 5 sec (10
scem), as shown in FIG 2a, (o deposit a highly pure Mo film 88.5%. The oxygen impurity
was < 1.5%. The chemical reactions are expected to be as follows.

MoMI0L.Cl + 2 Sit,Cls —» MolCls + 2 OSIMVICls

Mo®Cla+ Hz —» Mo® + 2 HCI

{0104} FIG 2b is X-ray photoelectron spectrascopy (XPS) of usage of HCDS as an
oxygen scavenger and Hz as a reducing agent. As a counter example, the same process
is carried out in the absence of HCDS under the same process conditions of T=485°C, total
P = 10 torr. MoO:Clz 2.5 sec (1.01 scem), argon as carrier gas (100 scem), argon purge &
sec {10 scom), Ho pulse 5 sec (500 scem) and argon purge 5 sec (10 scom), as shown in
FIG 3a. The film characterization by XPS shows the absence of Mo and the sole presence
of 5i0; substrate. FIG 3b is XPS of classical ALD with Hp at 485°C in the absence of HCDS
as oxXygen scavenger.
(01081  Thus, HCDS may work as an oxygen removal reagent with MoO:Cl with Ar
purge and Hp reduction separately. The Mo film has an ultra-high purity (Mo »> 88.5%, O <
1.5%, Si 0%), referring to FIG 2b, with HCDS. At the same temperature in the absence of
HCDS, no Mo deposition ocours, referring fo FIG 3b.

(01867 Although the subject matier described herein may be described in the context of
fliustrative  implementations {0 process one or more computing  application

fegtures/operations for a computing application having user-interactive components the



WO 2022/187616 PCT/US2022/018899

subject matter is not limited to these particular embodiments. Rather, the technigues
described herein may be applied {0 any suitable type of user-inleractive component
axecution management methods, systems, platforms, and/or apparatus.

(01071 itwill be undersiood 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 appended claims. Thus, the
prasent invention is not intended to be limited 1o the specific embodiments in the examples
given above and/or the attached drawings.

(01087  While embodiments of this invention have been shown and described,
modifications thereof may be made by one skilled in the art without departing from the spirit
or teaching of this invention. The embodiments described hersin are exemplary only and
notlimiting. Many variations and modifications of the composition and method are possiblg
and within the scope of the invention. Accordingly, the scope of protection is not limited to
the embodiments described herein, but is only limited by the claims which follow, the scope
of which shall include all equivalents of the subject matter of the claims.
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We claim:

1. A process for deposition of a metal or metal nitride film on a substrate, the process
comprising

reacting a metal oxyhalide precursor with an oxophilic reagent in a reacior
containing the substrate to deoxygenate the metal oxyhalide precursor, and

forming the metal or metal nitride film on the substrate through a vapor deposition
process.

2. The process of claim 1, further comprising
exposing the substrate to the metal oxyhalide precursor and the oxophilic reagent
simuitaneously or sequentially.

3. The process of claim 1, further comprising

axposing the subsiraie to a reducing agent sequentially after deoxygenation,
wherain the reducing agent is selected from Hay, HCI BaHe, NHa, CQO, SIHCl:, SiHBr,, or
SiHia.

4. The process of claim 1, wherein

the metal oxyhalide pracursor is M®X.Ce, wherein M is Mo, W, V, Nb, Ta, and Cr;
X is a halogen selected from Cl, Bror [; a is the oxidation state of M and g is an inleger
ranging from 310 8; cisanumber, O < ¢ <6, eis anumber, 0 <e <3¢+ 2e = g, and

the oxophilic reagent is NOX,0r, wherein N is a transition metal halide or
oxyhalide, or a Group 14 or 15 halide, oxyhalide or oxide; X is a halogen selected from Ci,
Bror{; b is the oxidation state of N and b is an integer ranging from 3 {0 6; d is a number,
O<d<6 fisanumber O0<f<3: d+2f=b,

wherein oxophilicity of N is higher than oxophilicity of M,

whersin the oxophilic reagent and products of the oxophilic reagent are volatile.

5 The process of claim 1, wherein the metal oxyhalide precursor is selected from
MQQZCEQ, MQOCM, VVOCEa, V\/Dzeiz, NbOC§3, TEOCE& and Cr0xCly.

8. The process of claim 1, wherein the oxophilic reagent is selected from:
a. Group 14-containing: CCly, CBry; COCH,; CO; R-N=C=0, wherein R is H, or
an alkyl group selected from Me, Et, iPr, nPr, iBu, tBu, sBu, nBu; or SLRX,, wherein x = 1
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tWob vandz=01012 v+ 23 2x+2, Xis a halogen selected from Cl, Br, L Ris H, a
saturated or unsaturated hydrocarbon group, amino group, alkoxy group, or silyl group;
b. Group 15-containing: NO, NoO, PCls, PBrs, Pls; or
C. Transition metal-containing: VCla, VCl,, NbCls, TaCls, WCls, WCIs, WOCl,,
or WCl.

7. The process of claim 1, wherein the oxophilic reagent is a Si-containing oxophilic
reagent having a general formula: SLERG, whereinx=1to b, vandz=0t0o 12, y+z<
2x+2; X is a halogen selected from Cl, Br, |; R is H, a saturated or unsaturated
hydrocarbon group, amino group, alkoxy group, or silyl group.

8. The process of claim 7, wherein the Si-containing oxophilic reagent is selected
from SixCls, SiClsH, SixClaMe,, ShXCIMes, SiChMey, SixBrs, SiBrsH, SizBraMe,, SixBrMes,
SixBroMes, SiBraH, SiaMas, Sizls, SialsH, Sizla(Me)s, Six(OMels, Siz(NR2)s (whersin R=H,
Me, Ef), § 184, SisCls, SiaBrs, Siale, or Sia(Me)eH.

9. The process of any one of claims 1 {0 8, wherein the oxophilic reagent is SiCls.

10, The process of any one of claims 1 to 8, wherein the oxophilic reagent is R-
N=C=C, wherein R is H, or an alkyl group selected from Me, £t iPr, nPr, iBu, tBu, sBu,
ni2u or a metal halide or metal oxyhalide selected from VCls, VClz, NbCls, TaCls, WCls,
WCls, WOClk, or WCl4..

11.  The process of any one of claims 1 {0 8, wherein the vapor deposition process is a
thermal CVD or ALD, or a plasma enhanced CVD or ALD at a deposition temperature
less than 485°C.

12, A process for removing oxygen from a metal oxyhalide precursor or an
intarmediate film deposited by the metal oxyhalide precursor to form a metal or metal
ritride film on a surface, the process comprising
reacting the metal oxyhalide precursor or the intermediate film deposited by the
metal oxyhalide precursor with an oxophilic reagent to form a metal intermediate; and
reducing the metal intermediate o a metal or metal nitride film on the surfaca by a
reducing agent through a vapor deposition process,

whersin
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the metal oxyhalide precursor is M®X 0., wherein M is Mo, W, V, Nb, Ta,
and Cr; X is a halogen selected from Ci, Brorl; ais the oxidation sisteof M and a
is an integer ranging rom 310 6, cis anumber, 0 <o <G, eis a number, 0 <e < 3;
c+2Ze=a and

the oxophilic reagent is N®X.Or, wherein N is a transition metal halide or
oxyhalide, or a Group 14 or 15 halide, oxyhalide or oxide; X is a halogen selected
from Cl, Bror |, b is the oxidation state of N and b is an integer ranging from 3 10 &§;
disanumber, 0sd<8; fisanumber, O0<{<3, d+2f=D,
wherein oxophilicity of N is higher than oxophilicity of M,
wherein the oxophilic reagent and products of the oxophilic reagent are volatile.

The process of claim 12, wherein
the metal oxyhalide precursor is selected from MoO.Clz, MoQCly, WO, WO,CIy,

NbQOCHs, TaQCl;, and CrO:Cl; and

14,

the oxophilic reagent is selected from:

a. Group 14-containing: CCls; CBry, COCl,;, CO; R-N=C=0, wherein R
is H, or an alkyl group selected from Me, £, iPr, nPr, iBu, 1By, sBu, nBu; or
SikRX,, whereinx=1105 yandz=01to 12, y + z 5 2x+2, Xis a halogen selected
from Cl, Br, |, Ris H, a saturated or unsaturated hydrocarbon group, amino group,
alkoxy group, or silyl group,

b. Group 15-containing: NGO, NoO, PCls, PBrs, Plg; or

c. Transition metal-containing: VCls, VCls, NbCls, TaCls, WCls, WCls,
WOCly, or WCl,.

The process of any one of claims 12 10 13, wherein the vapor deposition process is

a thermal CVD or ALD, or a plasma enhanced CVD or ALD at a deposition temperature
less than 485°C.

15.

A reagent for deoxygenation of a metal oxyhalide precursor or an intermediate film

deposited by the metal oxyhalide precursor to form a metal or metal nitride film in a vapor

deposition process, the metal oxyhalide precursor having a general formula: M®X 0.,
wherein M is Mo, WV, Nb, Ta, and Cr; X is a halogen selected from Cl, Bror | ais the
oxidation state of M and a is an integerrangingfrom 3to 8, cisanumber, O <c <G eis a

number, 0<e<3 c+28=g,

the reggent comprising:
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an oxophilic reagent having a general formula: N®XyGy, wherein N is a fransition
metal halide or oxyhalide, or a Group 14 or 15 halide, oxyhalide or oxide; X is a halogen
salected from Cl, Brorl; b is the oxidation state of N and b is an integer ranging from 3 to
6. disanumber, 0<d <G fisanumber, 0<f< 3, d+2f=h,

wherein oxophilicity of N of the oxophilic reagent is higher than oxophilicity of M of
ihe metal oxyhalide precursor,

wherein the oxophilic reagent and oxygenation products of the oxophilic reagent

are volatile.



