(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual P <
O remiation = 00T 0P 00 200
International Bureau = (10) International Publication Number
(43) International Publication Date -—-/ WO 201 7/ 218461 Al

21 December 2017 (21.12.2017) WIPO I PCT

(51) International Patent Classification:
C23C 16/455 (2006.01) C23C 16/40 (2006.01)
C23C 16/18 (2006.01) C23C 16/32 (2006.01)

(21) International Application Number:
PCT/US2017/037140

(22) International Filing Date:
13 June 2017 (13.06.2017)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
62/349,628 13 June 2016 (13.06.2016) US
62/359,381 07 July 2016 (07.07.2016) US

(71) Applicant: APPLIED MATERIALS, INC. [US/US];
3050 Bowers Avenue, Santa Clara, California 95054 (US).

(72) Imventors: ANTHIS, Jeffrey W.; 3115 Franela Drive,
San Jose, California 95124 (US). SCHMIEGE, Benjamin;
1134 Monroe St., Santa Clara, California 95050 (US).

(74) Agent: BLANKMAN, Jeffrey I.; Servilla Whitney LLC,
33 Wood Ave. South, Suite 830, Iselin, New Jersey 08830
(US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ,BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH, CL,CN, CO,CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))

(54) Title: LANTHANIDE, YTTRIUM AND SCANDIUM PRECURSORS FOR ALD, CVD AND THIN FILM DOPING AND
METHODS OF USE

2017/218461 A1 |00 00O I

(57) Abstract: Methods for depositing a film comprising exposing a substrate surface to a metal precursor and a co-reactant to form
O a metal containing film are described. The metal precursor comprises a metal atom and an allyl ligand, the metal atom comprises one
or more lanthanide.

W



10

15

20

25

WO 2017/218461 PCT/US2017/037140

LANTHANIDE, YTTRIUM AND SCANDIUM PRECURSORS FOR ALD, CVD AND
THIN FILM DOPING AND METHODS OF USE

TECHNICAL FIELD

[0001] The present disclosure relates generally to methods of depositing films and
doping films. In particular, the disclosure relates to methods of depositing or doping

films using lanthanide, yttrium and scandium precursors.

BACKGROUND

[0002] The push to engineer smaller and smaller microelectronic devices has
opened up an increasing portion of the periodic table. While there is a large amount of
research on Ln, Y and Sc inorganic and organometallic compounds, developing new
compounds and exploring reactivity, there has been little progress in improving
properties for vapor deposition methods. Ln, Y and Sc metal compounds typically
suffer from low volatility and a challenging balance to maintain both chemical stability

and high enough reactivity with typical deposition co-reactants.

[0003] There is a need in the art for methods depositing and doping films using

lanthanide, yttrium and scandium precursors.

SUMMARY

[0004] One or more embodiments of the disclosure are directed to processing
methods comprising exposing a substrate surface to a metal precursor and a co-
reactant to form a metal containing film. The metal precursor comprises a metal atom

and an allyl ligand. The metal atom comprises one or more lanthanide.

[0005] Additional embodiments of the disclosure are directed to processing
methods comprising exposing a substrate surface to a metal precursor and a co-
reactant to form a metal containing film. The metal precursor comprises a metal atom
and an allyl ligand. The metal atom comprises one or more of La, Ce, Pr, Nd, Pm,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y or Sc.

[0006] Further embodiments of the disclosure are directed to processing methods
comprising exposing a substrate surface to a metal precursor and a co-reactant to

form a metal containing film. The metal precursor comprises a metal atom comprising
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one or more of La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y or Sc.
The metal precursor further comprises at least one allyl ligand and at least one ligand
selected from the group consisting of cyclopentadiene, substituted cyclopenadiene,

amidinate and substituted amidinate.

DETAILED DESCRIPTION

[0007] Before describing several exemplary embodiments of the invention, it is to
be understood that the invention is not limited to the details of construction or process
steps set forth in the following description. The invention is capable of other

embodiments and of being practiced or being carried out in various ways.

[0008] A "substrate" as used herein, refers to any substrate or material surface
formed on a substrate upon which film processing is performed during a fabrication
process. For example, a substrate surface on which processing can be performed
include materials such as silicon, silicon oxide, strained silicon, silicon on insulator
(8Ql), carbon doped silicon oxides, amorphous silicon, doped silicon, germanium,
gallium arsenide, glass, sapphire, and any other materials such as metals, metal
nitrides, metal alloys, and other conductive materials, depending on the application.
Substrates include, without limitation, semiconductor wafers. Substrates may be
exposed to a pretreatment process to polish, etch, reduce, oxidize, hydroxylate,
anneal, UV cure, e-beam cure and/or bake the substrate surface. In addition to film
processing directly on the surface of the substrate itself, in the present invention, any
of the film processing steps disclosed may also be performed on an underlayer
formed on the substrate as disclosed in more detail below, and the term "substrate
surface" is intended to include such underlayer as the context indicates. Thus for
example, where a film/layer or partial film/layer has been deposited onto a substrate
surface, the exposed surface of the newly deposited film/layer becomes the substrate

surface.

[0009] Embodiments of the disclosure advantageously provide methods of
depositing a lanthanide, yttrium or scandium film. Some embodiments
advantageously provide chemical vapor deposition (CVD) or atomic layer deposition

(ALD) methods to deposit film using precursors with allyl ligands. Some embodiments
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advantageously provide methods of doping film using lanthanide, yttrium or scandium

based films.

[0010] One or more embodiments of the disclosure are directed to the use of
lanthanide, yttrium and scandium compounds containing allyl ligands for ALD, CVD
and semiconductor doping applications. One or more embodiments are directed to
processing methods comprising exposing a substrate surface to a metal precursor
and a co-reactant to form a metal containing film. The metal precursor comprises a
metal atom and an allyl ligand. The metal atom comprises one or more lanthanide

metal.

[0011] The allyl ligand is a monoanionic ligand having a three carbon backbone. In
organometallic compounds, the negative charge is typically delocalized over the three
carbon backbone, as shown in Scheme |. Without being bound by any particular
theory of operation, it is believed that each of the carbon atoms may be considered

bound to the metal.

= &
(1)
[0012] Embodiments of the disclosure are directed to lanthanide, yttrium and
scandium compounds containing one, two or three allyl ligands. As used in this
specification and the appended claims, the term "lanthanide"” means any element from
the lanthanum series: lanthanum (La), cerium (Ce), praseodymium (Pr), heodymium
(Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb) and
lutetium (Lu); and the term "lanthanide” also includes yttrium (Y) and scandium (Sc).
The allyl ligands may be substituted at any of the carbon positions. Lanthanide
compounds exist in the +3 oxidation state; however, those skilled in the art will

understand that other oxidation states exist for these elements.

[0013] In some embodiments, compounds contain one or two allyl ligands and one
or two cyclopentadienyl ligands. An exemplary lanthanide precursor is shown as

structure (I1).
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Those skilled in the art will understand that the atom labeled Ln can be any of the

(I

lanthanides. Suitable metal precursors include, but are not limited to, CpsoLn(allyl),
CpLn(allyl),, (allyl)sLn, where Cp is a substituted or un-substituted cyclopentadienyl
ligand, allyl is a substituted or un-substituted ally ligand and Ln is any of La, Ce, Pr,
Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y or Sc.

[0014] In some embodiments, the metal precursor comprises one, two, three or
four allyl ligands. The allyl ligand can be un-substituted, having a formula of CsHs. In
some embodiments, the allyl ligand is substituted at one or more of the carbon atoms.
Suitable substituted ally ligands include ligands with Cq.s branched or unbranched
alkyl groups (i.e., alkyl groups with one, two, three, four, five or six carbon atoms), G4
branched or unbranched alkenyl groups, Ci.¢ branched or unbranched alkynyl groups,
cycloalkyl groups and trimethylsilyl (TMS) groups. In some embodiments, the allyl
ligand is substituted at one carbon atom. In some embodiments, the allyl ligand is

substituted at two carbon atoms.

[0015] In some embodiments, the metal precursor comprises one allyl ligand and
two ligands independently selected from cyclopentadiene, substituted cyclopenadiene,
amidinate and substituted amidinate. In one or more embodiments, the two ligands
are the same ligand (e.g., both Cp rings). In some embodiments, the two ligands are
different ligands so that there are three or four different ligands associated with the

metal atom.

[0016] In some embodiments, the metal precursor comprises a cyclopentadienyl
ligand. The cyclopentadienyl ligand of one or more embodiments has the general
formula CsRs, where each R is independently H, Cis alkyl or SiMes. In some

embodiments, the cyclopentadienyl ligand comprises CsMes. In one or more
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embodiments, the cyclopentadienyl ligand comprises CsMesH. In some embodiments,

the cyclopentadienyl ligand comprises CsMesSiMes.

[0017] For compounds containing one or two allyl ligands, the remaining ligands
may be one or two amidinate ligands. An exemplary metal precursor with amidinate

ligands is shown in Structure (l11).

L L

o
[0018] A (1

[0019] In some embodiments, the metal precursor comprises an amidinate ligand
having the general formula RNCR'NR, where each R and R' is independently H, a C1.5
alkyl or SiMes. In some embodiments, the metal precursor comprises
(RNCR'NR)2Ln(allyl) or (RNCR'NR)Ln(allyl)..

[0020] The metal precursor can be reacted with oxidizing co-reactants such as
H.O, O,, O3, oxygen plasma, H20,, NO or NO. to form a metal oxide film. As used in
this regard, a "metal oxide" film comprises metal atom and oxygen atoms. A metal
oxide film can be non-stoichiometric. A film "consisting essentially of" metal oxide has
greater than or equal to about 95, 96, 97, 98 or 99 atomic percent metal and oxygen

atoms.

[0021] In some embodiments, the co-reactant comprises one or more of NO, NO»,
NH3, N2H, or plasma thereof and the metal containing film comprises a metal nitride.
As used in this regard, a "metal nitride" film comprises metal atoms and nitrogen
atoms. A metal nitride film can be non-stoichiometric. A film "consisting essentially
of" metal nitride has greater than or equal to about 95, 96, 97, 98 or 99 atomic percent

metal and nitrogen atoms.

[0022] In some embodiments, the co-reactant comprises an organic species and
the film comprises a metal carbide. Suitable organic species include, but are not

limited to, propylene and acetylene. As used in this regard, a "metal carbide” film



10

15

20

25

30

WO 2017/218461 PCT/US2017/037140

comprises metal atoms and carbon atoms. A metal carbide film can be non-
stoichiometric. A film "consisting essentially of" metal carbide has greater than or

equal to about 95, 96, 97, 98 or 99 atomic percent metal and carbon atoms.

[0023] In some embodiments, the metal containing film deposited comprises one
or more of a metal carbide (MC), metal oxide (MO), metal nitride (MN), metal
oxycarbide (MCO), metal oxynitride (MNO), metal carbonitride (MCQO) or metal
oxycarbonitride film (MCON). The metal carbide, metal oxide, metal nitride, metal
oxycarbide, metal oxynitride, metal carbonitride and metal oxycarbonitride films are
made up of the components named in any suitable amount, either stoichiometrically or
non-stoichiometrically. A film that consists essentially of the named component has
greater than or equal to about 95, 96, 97, 98 or 99 percent of the named components

on an atomic basis.

[0024] In some embodiments, the film formed is a doped metal oxide film in which
dopant elements are added (e.g., B, P, As). Doping of the film can be done at the
same time as film formation by, for example, addition of a dopant precursor, or

separately by, for example, ion implantation.

[0025] The metal film can be deposited by a CVD process in which the metal
precursor and the co-reactant are mixed prior to or at the time of exposure to the
substrate surface. Mixing the metal precursor and the co-reactant may allow gas

phase reactions which can deposit on the substrate surface.

[0026] In some embodiments, the metal film is deposited by an ALD process in
which the metal-precursor and co-reactant are exposed to the substrate surface
separately and sequentially so that the metal precursor and co-reactant do not mix.
For example, in a time-domain ALD process, the entire substrate surface is exposed
to the metal precursor and then the co-reactant with a purge step between to prevent
gas phase mixing. Only one of the metal precursor and the co-reactant are flowed

into the processing chamber at a time in the time-domain ALD process.

[0027] In a spatial ALD process, the metal precursor and the co-reactant are
flowed into different portions of the processing chamber and separated by, for
example, a gas curtain or physical barrier to prevent gas phase mixing and reaction.

In spatial ALD, a portion of the substrate surface may be exposed to the metal
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precursor and a separate portion of the substrate surface may be exposed to the co-

reactant at the same time while separating of the gases is maintained.

[0028] Reference throughout this specification to "one embodiment,” "certain

embodiments,” "one or more embodiments” or "an embodiment” means that a
particular feature, structure, material, or characteristic described in connection with the
embodiment is included in at least one embodiment of the invention. Thus, the

appearances of the phrases such as "in one or more embodiments,” "in certain

embodiments,” "in one embodiment” or "in an embodiment" in various places
throughout this specification are not necessarily referring to the same embodiment of
the invention. Furthermore, the particular features, structures, materials, or

characteristics may be combined in any suitable manner in one or more embodiments.

[0029] Although the invention herein has been described with reference to
particular embodiments, it is to be understood that these embodiments are merely
illustrative of the principles and applications of the present invention. It will be
apparent to those skilled in the art that various modifications and variations can be
made to the method and apparatus of the present invention without departing from the
spirit and scope of the invention. Thus, it is intended that the present invention
include modifications and variations that are within the scope of the appended claims

and their equivalents.
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What is claimed is:

1. A processing method comprising exposing a substrate surface to a metal
precursor and a co-reactant to form a metal containing film, the metal precursor
comprising a metal atom and an allyl ligand, the metal atom comprising one or

more lanthanide.

2. The processing method of claim 1, wherein the lanthanide is one or more of La,
Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y or Sc.

3. The processing method of claim 1, wherein there are three allyl ligands.
4. The processing method of claim 1, wherein there is one allyl ligand and two

different ligands independently selected from cyclopentadiene, substituted

cyclopenadiene, amidinate, substituted amidinate.

5. The processing method of claim 1, wherein the allyl ligand is a substituted allyl
ligand.
6. The processing method of claim 5, wherein the substituted allyl ligand has a Cx.

s alkyl, G5 alkenyl, Gy alkynyl, branched alkyl or cycloalkyl group.

7. The processing method of claim 1, wherein the metal precursor further

comprises a cyclopentadienyl ligand.

8. The processing method of claim 7, wherein the cyclopentadienyl ligand has the

general formula CsRs5, where each R is independently H, C1. alkyl or SiMes.

9. The processing method of claim 8, wherein the cyclopentadienyl ligand

comprises one or more of CsMes, CsMesH or CsMesSiMes.
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10.

11.

12.

13.

14.

15.

The processing method of claim 1, wherein the metal precursor comprises an
amidinate ligand having the general formula RNCR'NR, where each R and R' is
independently H, a G5 alkyl or SiMes.

The processing method of claim 1, wherein the co-reactant comprises one or
more of HxO, Oy, O3, O plasma, H20,, NO or NO, and the metal containing film

comprises a metal oxide.

The processing methods of claim 1, wherein the co-reactant comprises one or
more of NO, NO,, NH3, N2H, or plasma thereof and the metal containing film

comprises a metal nitride.

The processing method of claim 1, wherein the co-reactant comprises an

organic species and the film comprises a metal carbide.

The processing method of claim 1, wherein the metal precursor and the co-

reactant are exposed to the substrate surface in a mixture.

The processing method of claim 1, wherein the metal precursor and the co-
reactant are exposed to the substrate surface sequentially so that the metal

precursor and co-reactant do not mix.
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