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SILICON IMPLANTATION IN SUBSTRATES AND PROVISION OF SILICON
PRECURSOR COMPOSITIONS THEREFOR

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The benefit of priority under 35 USC 119 of U.S. Provisional Patent Application
61/866,918 filed August 16, 2013 in the names of Ying Tang, Joseph D. Sweeney, Tianniu Chen,
James J. Mayer, Richard S. Ray, Oleg Byl, Sharad N. Yedave, and Robert Kaim for “SILICON
IMPLANTATION IN SUBSTRATES AND PROVISION OF SILICON PRECURSOR
COMPOSITIONS THEREFOR” is hereby claimed. The disclosure of U.S. Provisional Patent
Application 61/866,918 is hereby incorporated by reference, in its entirety, for all purposes.

FIELD OF THE INVENTION

[0002] The present disclosure relates to compositions, systems and methods for implantation
of silicon and/or silicon ions in substrates, e.g., in the manufacture of microelectronic products,

solar cells, flat-panel displays, and the like.

DESCRIPTION OF THE RELATED ART

[0003] Implantation of silicon and/or silicon ions (“silicon ions” being used herein as
inclusive of silicon ions per se, as well as silicon-containing ionic species) is commonly carried
out in a variety of processes for the manufacture of microelectronic devices or device precursor
structures. Silicon ions are conventionally generated by use of an ion source that receives a
feedstock material for ionization from a supply vessel that is located in the gas box or otherwise
in proximity to the ion source in the ion implantation system.

[0004] By way of example, silicon implantation may be employed to amorphize or otherwise
alter the morphology of crystalline silicon in the manufacture of silicon devices. Silicon may be
implanted in transistor structures to modify the etch rate of certain regions in order to modify
their reactivity in subsequent etch steps. Silicon may also be implanted in the transistor structure
to reduce contact resistance of source and drain regions of the transistor. Silicon is also used as a
dopant for implantation in the manufacture of GaAs devices.

[0005] A commonly used feedstock material for Si+ implantation is SiF,. Use of this

material has been found to reduce the operational lifetime of the ion source. Without being bound
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by any theory, it is speculated that the presence of fluorine atoms and/or the combination of
fluorine and silicon atoms in the source plasma leads to undesirable deposits that contribute to
lessening the ion source lifetime. The fluorine can react with metals such as tungsten and
molybdenum that are present in the implanter, and etch parts of the arc chamber while also
causing tungsten or molybdenum deposition on arc chamber components such as the cathode,
faceplate, etc. and electrode and source housing surfaces including high-voltage bushings, walls,
etc. Excessive deposition can cause various problems, including arc slit whisker, cathode growth
or shortage, arcing and other issues that cause corresponding source or beam issues that shorten
the source life.

[0006] Another possible feedstock material for Si+ implantation is silane, SiH,. This
material is highly flammable and its use in ion implanters may be undesirable for safety reasons.
[0007] It would be a significant advance in the art to provide a silicon feedstock material that
avoids the source lifetime issues that are associated with SiF,, and that also avoids the safety

issues that are associated with silane.

SUMMARY
[0008] The present disclosure relates to compositions, systems and methods for implantation
of silicon and/or silicon ions in substrates.
[0009] In one aspect, the disclosure relates to a method of implanting silicon and/or silicon

ions in a substrate, comprising:

generating silicon or silicon-containing ions from a composition comprising silicon precursor
selected from the group consisting of:

(a) monosilanes of the formula SiR'R’R’R* wherein each of Rl, R?,R% and R” can independently
be: H; halogen (F, Cl, Br, D); hydroxy; alkoxy; acetoxy; amino; alkyl of the formula C,H,.
wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; cycloalkyl,
bi- and polycycloalkyl, of the formula C,H,,; wherein n = 1-10, optionally substituted with
hydroxy, alkoxy, acetoxy, and/or amino; alkenyl of the formula C,H,, including a C=C bond,
wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; aryl,
including phenyl and aromatic moieties; alkylene including functionality of the formula =CH,
and C R'R* wherein each of R' and R” is as specified above, optionally substituted with hydroxy,
alkoxy, acetoxy, and/or amino; alkylyne, including functionalities of the formulae =CH and =CR
wherein R is C;-Cj, alkyl, hydroxyl, halogen, or amino derivative of alkyl; or acyloxyl of the
formula —OOCR wherein R is C,-C,, alkyl, hydroxyl, halogen, or amino derivative of alkyl;
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(b) di- and polysilanes of the formula Si,H, comprising at least one Si-Si bond, wherein n = 1-8,
and y = 2n + 2 for unbranched and branched chains, and y = 2n for cyclic compounds and
corresponding substituted di- and polysilanes of the formula Si,R'R*...R¥ wherein n = 1-8 and
each of Rl, R?...RYis as specified for each of Rl, R?,R?, and R* above;

(¢) bridged silicon precursors of the formula H;Si-X-SiH;, wherein X is —CRIRZ—, GeRlRZ—, -NR-,
-PR-, -O-, -S-, -S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and
corresponding substituted silicon precursors of the formula R'R’R*Si-X-SiR*R’R® wherein X is
as described above and each of Rl, R>...R%is as specified for each of Rl, R?,R?, and R* above;
(d) polybridged, branched and cyclic silicon precursors of the formula H;Si-X-SiH,-Y-SiH;-...7Z-
SiHj;, or otherwise containing Si-Si bonds, wherein X is —CRIRZ—, GeRlRZ—, -NR-, -PR-, -O-, -S-, -
S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and corresponding
substituted branched silicon precursors wherein X, Y, and Z = C or N, and corresponding cyclic
silicon precursors;

(e) silenes of the formula H,Si=SiH,, and corresponding substituted silenes of the formula
R'R*Si=SiR’R* wherein Rl, R?,R%, and R* are as specified above; and

(@) silynes of the formula HSi=SiH, and correspondingly substituted silynes of the formula
R'Si=SiR” wherein R" and R* are as specified above;

(g) cluster silicon compounds;

(h) premixtures or co-flow mixtures comprising one or more of the foregoing precursors; and

(i) one or more of the foregoing precursors, wherein said composition comprises gas that is
isotopically enriched above natural abundance in at least one isotope thereof;

wherein said composition does not consist solely of (1) silicon tetrafluoride, (2) silane, (3) silicon
tetrafluoride and silane mixture, or (4) silicon tetrafluoride, xenon and hydrogen; and

implanting silicon or silicon ions in the substrate.

[0010] The disclosure relates in another aspect to a method of implanting silicon ions in a
substrate, comprising:

(a) ionizing a silicon precursor comprising silicon tetrafluoride, SiF,, wherein the silicon
tetrafluoride is co-flowed or premixed with a fluororeaction suppressor; and

(b) implanting silicon ions from said ionizing in the substrate.

[0011] In a further aspect, the disclosure relates to a silicon precursor composition for use in
implantation of silicon and/or silicon ions in a substrate, said composition comprising at least one
silicon precursor selected from the group consisting of:

(a) monosilanes of the formula SiR'R’R’R* wherein each of Rl, R?,R% and R” can independently

be: H; halogen (F, Cl, Br, D); hydroxy; alkoxy; acetoxy; amino; alkyl of the formula C,H,.
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wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; cycloalkyl,
bi- and polycycloalkyl, of the formula C,H,,; wherein n = 1-10, optionally substituted with
hydroxy, alkoxy, acetoxy, and/or amino; alkenyl of the formula C,H,, including a C=C bond,
wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; aryl,
including phenyl and aromatic moieties; alkylene including functionality of the formula =CH,
and C R'R* wherein each of R' and R” is as specified above, optionally substituted with hydroxy,
alkoxy, acetoxy, and/or amino; alkylyne, including functionalities of the formulae =CH and =CR
wherein R is C;-Cj, alkyl, hydroxyl, halogen, or amino derivative of alkyl; or acyloxyl of the
formula —OOCR wherein R is C,-C,, alkyl, hydroxyl, halogen, or amino derivative of alkyl;

(b) di- and polysilanes of the formula Si,H, comprising at least one Si-Si bond, wherein n = 1-8,
and y = 2n + 2 for unbranched and branched chains, and y = 2n for cyclic compounds and
corresponding substituted di- and polysilanes of the formula Si,R'R*...R¥ wherein n = 1-8 and
each of Rl, R?...RYis as specified for each of Rl, R?,R?, and R* above;

(¢) bridged silicon precursors of the formula H;Si-X-SiH;, wherein X is —CRIRZ—, GeRlRZ—, -NR-,
-PR-, -O-, -S-, -S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and
corresponding substituted silicon precursors of the formula R'R’R*Si-X-SiR*R’R® wherein X is
as described above and each of Rl, R>...R%is as specified for each of Rl, R?,R?, and R* above;
(d) polybridged, branched and cyclic silicon precursors of the formula H;Si-X-SiH,-Y-SiH»-...7Z-
SiHs, or otherwise containing Si-Si bonds, wherein X is —CRIRZ—, GeRlRZ—, -NR-, -PR-, -O-, -S-, -
S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and corresponding
substituted branched silicon precursors wherein X, Y, and Z = C or N, and corresponding cyclic
silicon precursors;

(e) silenes of the formula H,Si=SiH,, and corresponding substituted silenes of the formula
R'R*Si=SiR’R* wherein Rl, R?,R%, and R* are as specified above;

(@) silynes of the formula HSi=SiH, and correspondingly substituted silynes of the formula
R'Si=SiR” wherein R" and R* are as specified above;

(g) cluster silicon compounds;

(h) one or more of the foregoing precursors in a premixture or co-flow form; and

(i) one or more of the foregoing precursors comprising precursor that is isotopically enriched
above natural abundance in at least one isotope thereof,

wherein the composition does not consist solely of (1) silicon tetrafluoride, (2) silane, (3) silicon
tetrafluoride and silane mixture, or (4) silicon tetrafluoride, xenon and hydrogen.

[0012] Another aspect of the disclosure relates to a silicon precursor composition,

comprising at least one silicon precursor gas from Group A, optionally with additional gas or
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gases from Groups B, C, and D, wherein when only one silicon precursor gas from Group A is
present, at least one additional gas from Groups B, C, and D is present as co-flow gas, or is mixed
with the silicon precursor gas in a precursor gas mixture, and wherein:

Group A comprises silicon precursor gas selected from the group consisting of:

SiF,

SiH,

SiHF, wherein each of x and y is from O to 4

SiHCl, wherein each of x and y is from O to 4

SiF,Cly wherein each of x and y is from O to 4

SiHF,Cl, wherein each of X, y and z is from O to 4;

Group B comprises hydrogen or hydride gases selected from the group consisting of:

H,

PH;

AsH;

NH;

H,Se

H,S

CH,

GeH,

B,

SiH,4

Group C comprises inert gases selected from the group consisting of:

Ne

Ar

Kr

He

Xe; and

Group D comprises other gases selected from the group consisting of:

N,

0..

[0013] A further aspect of the disclosure relates to a silicon precursor composition,
comprising silicon tetrafluoride and a fluororeaction suppressor, in a premixture or co-flow form.
[0014] In another aspect, the disclosure relates to a gas supply kit for an ion implantation

system, comprising:
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a first gas supply vessel holding a silicon precursor composition of the present disclosure; and

a second gas supply vessel holding a co-flow gas for use with said silicon precursor composition.
[0015] A still further aspect the disclosure relates to a method of enhancing operation of an
ion implantation system, comprising providing for use in the ion implantation system:

a first gas supply vessel holding a silicon precursor composition of the present disclosure; and

a second gas supply vessel holding a co-flow gas for use with said silicon precursor composition.
[0016] Yet another aspect the disclosure relates to a silicon precursor composition supply
package, comprising a fluid storage and dispensing vessel, containing a silicon precursor
composition of the present disclosure.

[0017] Additional aspects, features and embodiments of the disclosure will be more fully

apparent from the ensuing description and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is a schematic representation of an ion implant process system including a
storage and dispensing vessel containing gas which is supplied for ion implantation doping of a
substrate in the illustrated ion implant chamber.

[0019] FIG. 2 is a cross section of an ion implantation system schematically showing the
generation of a plasma in the arc chamber of such system, with the gas feed line being arranged to
provide active cooling of such line, as useful for precursors of the present disclosure that are
susceptible to decomposition if not thus cooled.

[0020] FIG. 3 is a cross-sectional view of an ion source of an ion implantation system
arranged for co-flow supply of gases thereto, according to one embodiment of the present

disclosure.

DETAILED DESCRIPTION

[0021] The present disclosure relates to compositions, systems, and methods for silicon and
silicon ion implantation.

[0022] As used herein and in the appended claims, the singular forms "a", "and", and "the"
include plural referents unless the context clearly dictates otherwise.

[0023] As used herein, the identification of a carbon number range, e.g., in C;-C, alkyl, is
intended to include each of the component carbon number moieties within such range, so that

each intervening carbon number and any other stated or intervening carbon number value in that
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stated range, is encompassed, it being further understood that sub-ranges of carbon number within
specified carbon number ranges may independently be included in smaller carbon number ranges,
within the scope of the invention, and that ranges of carbon numbers specifically excluding a
carbon number or numbers are included in the invention, and sub-ranges excluding either or both
of carbon number limits of specified ranges are also included in the invention. Accordingly, C;-
C,, alkyl is intended to include methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, nonyl,
decyl, undecyl and dodecyl, including straight chain as well as branched groups of such types. It
therefore is to be appreciated that identification of a carbon number range, e.g., C;-C,, as broadly
applicable to a substituent moiety, enables, in specific embodiments of the invention, the carbon
number range to be further restricted, as a sub-group of moieties having a carbon number range
within the broader specification of the substituent moiety. By way of example, the carbon
number range e.g., C;-C;, alkyl, may be more restrictively specified, in particular embodiments of
the invention, to encompass sub-ranges such as C;-C, alkyl, C,-Cg alkyl, C,-C, alkyl, C;-Cs alkyl,
or any other sub-range within the broad carbon number range. In other words, a carbon number
range is deemed to affirmatively set forth each of the carbon number species in the range, as to
the substituent, moiety, or compound to which such range applies, as a selection group from
which specific ones of the members of the selection group may be selected, either as a sequential
carbon number sub-range, or as specific carbon number species within such selection group.
[0024] The same construction and selection flexibility is applicable to stoichiometric
coefficients and numerical values specifying the number of atoms, functional groups, ions or
moieties, as to specified ranges, numerical value constraints (e.g., inequalities, greater than, less
than constraints), as well as oxidation states and other variables determinative of the specific
form, charge state, and composition applicable to dopant sources, implantation species, and
chemical entities within the broad scope of the present disclosure.

[0025] The precursors of the invention may be further specified in specific embodiments by
provisos or limitations excluding specific substituents, groups, moieties or structures, in relation
to various specifications and exemplifications thereof set forth herein. Thus, the invention
contemplates restrictively defined compositions, e.g., a composition wherein R’ is C;-C, alkyl,
with the proviso that R' # C, alkyl when R! is silyl.

[0026] Accordingly, the disclosure, as variously set out herein in respect of features, aspects
and embodiments thercof, may in particular implementations be constituted as comprising,
consisting, or consisting essentially of, some or all of such features, aspects and embodiments, as
well as elements and components thereof being aggregated to constitute various further

implementations of the disclosure. The disclosure correspondingly contemplates such features,
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aspects and embodiments, or a selected one or ones thereof, in various permutations and
combinations, as being within the scope of the present disclosure.

[0027] In one aspect, the present disclosure contemplates a method of implanting silicon
and/or silicon ions in a substrate, comprising:

generating silicon or silicon-containing ions from a composition comprising silicon precursor
selected from the group consisting of:

(a) monosilanes of the formula SiR'R’R’R* wherein each of Rl, R?,R% and R” can independently
be: H; halogen (F, Cl, Br, D); hydroxy; alkoxy; acetoxy; amino; alkyl of the formula C,Hj,,,
wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; cycloalkyl,
bi- and polycycloalkyl, of the formula C,H,,; wherein n = 1-10, optionally substituted with
hydroxy, alkoxy, acetoxy, and/or amino; alkenyl of the formula C,H,, including a C=C bond,
wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; aryl,
including phenyl and aromatic moieties; alkylene including functionality of the formula =CH,
and C R'R* wherein each of R' and R” is as specified above, optionally substituted with hydroxy,
alkoxy, acetoxy, and/or amino; alkylyne, including functionalities of the formulae =CH and =CR
wherein R is C;-Cj, alkyl, hydroxyl, halogen, or amino derivative of alkyl; or acyloxyl of the
formula —-OOCR wherein R is C;-C;q alkyl, hydroxyl, halogen, or amino derivative of alkyl;

(b) di- and polysilanes of the formula Si,H, comprising at least one Si-Si bond, wherein n = 1-8,
and y = 2n + 2 for unbranched and branched chains, and y = 2n for cyclic compounds and
corresponding substituted di- and polysilanes of the formula Si,R'R*...R¥ wherein n = 1-8 and
each of Rl, R?...RYis as specified for each of Rl, R?,R?, and R* above;

(¢) bridged silicon precursors of the formula H;Si-X-SiH;, wherein X is —CRIRZ—, GeRlRZ—, -NR-,
-PR-, -O-, -S-, -S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and
corresponding substituted silicon precursors of the formula R'R’R*Si-X-SiR*R’R® wherein X is
as described above and each of Rl, R>...R%is as specified for each of Rl, R?,R?, and R* above;
(d) polybridged, branched and cyclic silicon precursors of the formula H;Si-X-SiH,-Y-SiH;-...7Z-
SiHj;, or otherwise containing Si-Si bonds, wherein X is —CRIRZ—, GeRlRZ—, -NR-, -PR-, -O-, -S-, -
S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and corresponding
substituted branched silicon precursors wherein X, Y, and Z = C or N, and corresponding cyclic
silicon precursors;

(e) silenes of the formula H,Si=SiH,, and corresponding substituted silenes of the formula
R'R*Si=SiR’R* wherein Rl, R?,R%, and R* are as specified above; and

(@) silynes of the formula HSi=SiH, and correspondingly substituted silynes of the formula

R'Si=SiR” wherein R" and R* are as specified above;
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(g) cluster silicon compounds;

(h) premixtures or co-flow mixtures comprising one or more of the foregoing precursors; and

(i) one or more of the foregoing precursors, wherein said composition comprises gas that is
isotopically enriched above natural abundance in at least one isotope thereof;

wherein said composition does not consist solely of (1) silicon tetrafluoride, (2) silane, (3) silicon
tetrafluoride and silane mixture, or (4) silicon tetrafluoride, xenon and hydrogen; and

implanting silicon or silicon ions in the substrate.

[0028] In such method, the silicon precursor may be ionized to generate silicon and/or
silicon-containing ions. The ionizing may be carried out in any suitable manner. For example,
the ionizing may be carried out so as to generate an ion beam of silicon dopant species, with the
ion beam of the silicon dopant species being accelerated by electric field to implant silicon ions in
a substrate. The method may be carried out in a method of manufacturing a product article,
assembly or subassembly, comprising silicon-doped material. The product article, assembly or
subassembly may be of any suitable type, and may for example be selected from among
semiconductor product articles, assemblies and subassemblies, solar energy product articles,
assemblies and subassemblies, and flat panel display product articles, assemblies and
subassemblies.

[0029] The aforementioned methods may be carried out, with the silicon precursor and a
second gas being co-flowed to an implantation process tool, being flowed contemporaneously as
separate gas flow streams to the tool, or to a mixing manifold or other component or conduit in
which the co-flow gas streams are mixed with one another and then flowed to the process tool.
Alternatively, the silicon precursor and a second gas may be present in a silicon precursor
composition as a mixture of such components, pre-mixed for such purpose.

[0030] The implantation itself may be of any suitable type, and may for example comprise
beam-line ion implantation, plasma immersion ion implantation, or plasma doping.

[0031] In some embodiments of the present disclosure, the ionizing is effected in an
ionization chamber, and the silicon precursor composition is delivered to said ionization chamber
in a delivery conduit, with active cooling of at least one of said ionization chamber and delivery
conduit, e.g., in instances in which the silicon precursor composition is otherwise susceptible of
thermally-induced degradation or decomposition. The active cooling may thus involve reducing
temperature of the silicon precursor composition entering the ionization chamber.

[0032] In various embodiments of the disclosure, the silicon precursor is isotopically
enriched above natural abundance in at least one isotope of silicon. For example, the silicon

precursor may be isotopically enriched above natural abundance in one or more isotopes of
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silicon selected from the group consisting of **Si, *’Si, and *°Si, e.g., isotopically enriched above
natural abundance in *Si. In various applications, the silicon precursor may be isotopically
enriched in *Si to a level of at least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%,
60%, 65%, 10%, 15%, 80%, 85%, 90%, 95%, 97%, 98%, 99%, or more, up to 100%, based on
the total isotopic species present in the silicon precursor material.

[0033] In some specific embodiments, the silicon precursor may be isotopically enriched in
¥Si level of from 30% to 70%, based on the total isotopic species present in the silicon precursor.
[0034] The implantation method of the present disclosure may be carried out with the silicon
precursor being co-flowed to the ionizing with a co-flow gas, as mentioned. The co-flow gas may
be of any suitable type, and may for example be selected from the group consisting of hydrides,
halogens (fluorine, bromine, chlorine, iodine), halide compounds and complexes, carbon
monoxide, carbon dioxide, carbonyl fluoride, xenon, xenon difluoride, oxygen, nitrogen, argon,
neon, krypton, helium, SiF,, SiH,, Si,Hs, methyl silanes, fluorosilanes, chlorosilanes, hydrogen
selenide, hydrogen sulfide, diborane, methane, ammonia, phosphine, and arsine.

[0035] In some embodiments, the silicon precursor composition may comprise a gas other
than the silicon precursor, and such other gas may be isotopically enriched above natural
abundance in at least one isotope thereof.

[0036] In specific embodiments, the silicon precursor composition may comprise a silicon
precursor selected from the group consisting of

alkyl silanes;

bridged siloxanes;

compounds of the formula R,SiH«.,), wherein O< n< 4, and R, is alkyl, alkoxyl, amido, alkylene,
silyl, imido, hydrogens or acetate;

alkyl disilanes;

trisilylamine;

methyl silane;

(MeHSi)404;

Me,SiH,;

EtSiH;;

Me,SiH;

(MeO);SiH;

Me;SiSiMe;;

n-BuSiH;;

(SiH;5);5N;

-10 -
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(MeHSi)40,, (TMCTS);
Me-,SiH>;
Si,Hg;
Si;Hg;
Me-SiF-;
HSiF;;
SiCly;
SiHCls;
SiH,Cl;
SiH;Cl;
(NMe),Si,Hy;
Me;Si(CH,CH,);
(Me;Si);SiH;
(Me,Si);(NHMe);;
(MesSi);GeH;
[(tBu)NCH=CHN(tBu)]Si;
(Me;Si)sN;
[(MeO);Si]sN;
(C.H40,),S5i;
Si(OOCCH3)4;
Me;Si(NMe,);
SiH(NMe,)s;
MesSiEt;
Me,SiCH,NH,;
Me;SiNHSiMes;
Si(OC,Hs)y;
partially fluorinated or chlorinated materials;
in-situ generated materials;
molecules containing both halogen and hydrogen;
and
derivatives and mixtures thereof.
[0037] In other embodiments, the silicon precursor composition comprises silicon precursor
selected from the group consisting of:

(a) silicon-containing precursors selected from the group consisting of:
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(i) monomers of the formula Si(R1R2R3R4) or (RIRZ)Si: (silylenes);
(i) dimers of the formula [Si(R'R*R*)]»;
(iii) trimers of the formula [Si(RIRz)]3; and
@iv) tetramers of the formula [Si(RI)]4,
wherein Rl, R? R’ and R* are each independently selected from: C;-Cg alkyl; silyl;
amino; amido; imido; C;-Cy alkoxy; siloxy; halo; mono-, di-, and tri-alkylsilyl, wherein
alkyl is C;-Cs alkyl; mono- and di-alkylamino, wherein alkyl is C,-Cy alkyl;
(b) bipyridine and alkyne silane adducts;
(¢) silicon selenides comprising silicon directly bonded to selenium (Si-Se bonds), and
(d) precursors (a)-(c) that have been isotopically enriched above natural abundance in at least
one silicon isotope.
[0038] In some specific embodiments, the method of the present disclosure may be carried
out with a silicon precursor composition comprising a precursor selected from (d) above.
[0039] The implantation method of the present disclosure may be carried out with the
ionizing being conducted in an arc chamber, with the arc chamber having disposed therein an arc
chamber liner selected from the group consisting of (1) lanthanated tungsten liners, (2) WSi
liners, (3) silicon liners, and (4) graphite liners.
[0040] In various particular embodiments, the implantation method of the disclosure is
carried out, with the silicon precursor composition comprising at least one silicon precursor gas
from Group A, optionally with additional gas or gases from Groups B, C, and D, wherein when
only one silicon precursor gas from Group A is present, at least one additional gas from Groups
B, C, and D is present as co-flow gas, or is mixed with the silicon precursor gas in a precursor gas
mixture, and wherein:
Group A comprises silicon precursor gas selected from the group consisting of:
SiF,
SiH,
SiHF, wherein each of x and y is from O to 4
SiHCl, wherein each of x and y is from O to 4
SiF,Cly wherein each of x and y is from O to 4
SiHF,Cl, wherein each of X, y and z is from O to 4;
Group B comprises hydrogen or hydride gases selected from the group consisting of:
H,
PH;
AsH;
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NH;

H,Se

H,S

CH,

GeH,

B,

SiH,

Group C comprises inert gases selected from the group consisting of:

Ne

Ar

Kr

He

Xe; and

Group D comprises other gases selected from the group consisting of:

N,

0.

[0041] In another aspect, the disclosure relates to a method of implanting silicon ions in a
substrate, comprising:

(a) ionizing a silicon precursor comprising silicon tetrafluoride, SiF,, wherein the silicon
tetrafluoride is co-flowed or premixed with a fluororeaction suppressor; and

(b) implanting silicon ions from said ionizing in the substrate.

[0042] The fluororeaction suppressor may be of any suitable type, and may for example
comprise at least one of (i) hydrogen, (ii) hydride gas, and (iii) nitrogen, in specific embodiments.
In other embodiments, the fluororeaction suppressor may comprise silane. In still other
embodiments, the fluororeaction suppressor may comprise ammonia. In yet further embodiments,
the fluorescer suppressor may comprise nitrogen.

[0043] The disclosure in another aspect relates to a silicon precursor composition for use in
implantation of silicon and/or silicon ions in a substrate, said composition comprising at least one
silicon precursor selected from the group consisting of:

(a) monosilanes of the formula SiR'R’R’R* wherein each of Rl, R?,R% and R” can independently
be: H; halogen (F, Cl, Br, D); hydroxy; alkoxy; acetoxy; amino; alkyl of the formula C,Hj,,,
wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; cycloalkyl,
bi- and polycycloalkyl, of the formula C,H,,; wherein n = 1-10, optionally substituted with
hydroxy, alkoxy, acetoxy, and/or amino; alkenyl of the formula C,H,, including a C=C bond,
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wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; aryl,
including phenyl and aromatic moieties; alkylene including functionality of the formula =CH,
and C R'R* wherein each of R' and R” is as specified above, optionally substituted with hydroxy,
alkoxy, acetoxy, and/or amino; alkylyne, including functionalities of the formulae =CH and =CR
wherein R is C;-Cj, alkyl, hydroxyl, halogen, or amino derivative of alkyl; or acyloxyl of the
formula —OOCR wherein R is C,-C,, alkyl, hydroxyl, halogen, or amino derivative of alkyl;

(b) di- and polysilanes of the formula Si,H, comprising at least one Si-Si bond, wherein n = 1-8,
and y = 2n + 2 for unbranched and branched chains, and y = 2n for cyclic compounds and
corresponding substituted di- and polysilanes of the formula Si,R'R*...R¥ wherein n = 1-8 and
each of Rl, R?...RYis as specified for each of Rl, R?,R?, and R* above;

(¢) bridged silicon precursors of the formula H;Si-X-SiH;, wherein X is —CRIRZ—, GeRlRZ—, -NR-,
-PR-, -O-, -S-, -S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and
corresponding substituted silicon precursors of the formula R'R’R*Si-X-SiR*R’R® wherein X is
as described above and each of Rl, R>...R%is as specified for each of Rl, R?,R?, and R* above;
(d) polybridged, branched and cyclic silicon precursors of the formula H;Si-X-SiH,-Y-SiH»-...7Z-
SiHs, or otherwise containing Si-Si bonds, wherein X is —CRIRZ—, GeRlRZ—, -NR-, -PR-, -O-, -S-, -
S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and corresponding
substituted branched silicon precursors wherein X, Y, and Z = C or N, and corresponding cyclic
silicon precursors;

(e) silenes of the formula H,Si=SiH,, and corresponding substituted silenes of the formula
R'R*Si=SiR’R* wherein Rl, R?,R%, and R* are as specified above;

(@) silynes of the formula HSi=SiH, and correspondingly substituted silynes of the formula
R'Si=SiR” wherein R" and R* are as specified above;

(g) cluster silicon compounds;

(h) one or more of the foregoing precursors in a premixture or co-flow form; and

(i) one or more of the foregoing precursors comprising precursor that is isotopically enriched
above natural abundance in at least one isotope thereof,

wherein the composition does not consist solely of (1) silicon tetrafluoride, (2) silane, (3) silicon
tetrafluoride and silane mixture, or (4) silicon tetrafluoride, xenon and hydrogen.

[0044] The aforementioned composition may in certain applications comprise silicon
precursor isotopically enriched above natural abundance in at least one isotope of silicon, e.g., in
one or more isotopes of silicon selected from the group consisting of **Si, *’Si, and *°Si. The
silicon precursor may for example be isotopically enriched above natural abundance in *Si, or

isotopically enriched above natural abundance in an isotope other than *Si. The composition in
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various embodiments may comprise silicon precursor that is isotopically enriched in *Si to a
level of at least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, T70%, 15%,
80%, 85%, 90%, 95%, V1%, 98%, 99%, or more, up to 100%, based on the total isotopic species
present in the silicon precursor material. In other embodiments, the silicon precursor may be
isotopically enriched in *Si level of from 30% to 70%, based on the total isotopic species present
in the silicon precursor.

[0045] As indicated, compositions of the present disclosure may comprise the silicon
precursor and co-flow gas, such as a co-flow gas selected from the group consisting of hydrides,
halogens (fluorine, bromine, chlorine, iodine), halide compounds and complexes, carbon
monoxide, carbon dioxide, carbonyl fluoride, xenon, xenon difluoride, oxygen, nitrogen, argon,
neon, krypton, helium, SiF,, SiH,, Si,Hs, methyl silanes, fluorosilanes, chlorosilanes, hydrogen
selenide, hydrogen sulfide, diborane, methane, ammonia, phosphine, and arsine.

[0046] In other variations, the silicon precursor composition may comprise a gas other than
the silicon precursor, in which the other gas is isotopically enriched above natural abundance in at
least one isotope thereof.

[0047] Silicon precursor compositions of the present disclosure may comprise silicon
precursor selected from the group consisting of

alkyl silanes;

bridged siloxanes;

compounds of the formula R,SiH«.,), wherein O< n< 4, and R, is alkyl, alkoxyl, amido, alkylene,
silyl, imido, hydrogens or acetate;

alkyl disilanes;

trisilylamine;

methyl silane;

(MeHSi)404;

Me,SiH,;

EtSiH;;

Me,SiH;

(MeQO);SiH;

Me;SiSiMe;;

n-BuSiH;;

(SiH;5);N;

(MeHSi1),04, (TMCTS);

Me-,SiH>;
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Si,Hg;

Si;Hg;

Me-SiF-;

HSiF;;

SiCly;

SiHCls;

SiH,Cl;

SiH;Cl;

(NMe),Si,Hy;

Me;Si(CH,CH,);

(Me;Si);SiH;

(Me,Si);(NHMe);;

(Me;Si);GeH;

[(tBu)NCH=CHN(tBu)]Si;

(Me;Si)sN;

[(MeO);Si]sN;

(C.H40,),S5i;

Si(OOCCH3)4;

Me;Si(NMe,);

SiH(NMe,)s;

MesSiEt;

Me,SiCH,NHo;

MesSiNHSiMe;;

Si(OC,Hs)y;

partially fluorinated or chlorinated materials;

in-situ generated materials;

molecules containing both halogen and hydrogen;

and

derivatives and mixtures thereof.

[0048] In specific applications, the composition may comprise silicon precursor selected

from the group consisting of:

(a) silicon-containing precursors selected from the group consisting of:

(i) monomers of the formula Si(R1R2R3R4) or (RIRZ)Si: (silylenes);
(i) dimers of the formula [Si(R'R*R*)]»;
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(iii) trimers of the formula [Si(RIRz)]3; and
@iv) tetramers of the formula [Si(RI)]4,
wherein Rl, R? R’ and R* are each independently selected from: C;-Cg alkyl; silyl;
amino; amido; imido; C;-Cg alkoxy; siloxy; halo; mono-, di-, and tri-alkylsilyl, wherein
alkyl is C;-Cs alkyl; mono- and di-alkylamino, wherein alkyl is C,;-Cg alkyl;
(b) bipyridine and alkyne silane adducts;
(¢) silicon selenides comprising silicon directly bonded to selenium (Si-Se bonds), and
(d) precursors (a)-(c) that have been isotopically enriched above natural abundance in at least

one silicon isotope.

[0049] The composition may for example be constituted, with the silicon precursor being
selected from (d).
[0050] In another embodiment, the disclosure contemplates a silicon precursor composition,

comprising at least one silicon precursor gas from Group A, optionally with additional gas or
gases from Groups B, C, and D, wherein when only one silicon precursor gas from Group A is
present, at least one additional gas from Groups B, C, and D is present as co-flow gas, or is mixed
with the silicon precursor gas in a precursor gas mixture, and wherein:

Group A comprises silicon precursor gas selected from the group consisting of:

SiF,

SiH,

SiHF, wherein each of x and y is from O to 4

SiH,Cly wherein each of x and y is from O to 4

SiF,Cly wherein each of x and y is from O to 4

SiHF,Cl, wherein each of X, y and z is from O to 4;

Group B comprises hydrogen or hydride gases selected from the group consisting of:

H,

PH;

AsH;

NH;

H,Se

H,S

CH,

GeH,

B,

SiH,
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Group C comprises inert gases selected from the group consisting of:

Ne

Ar

Kr

He

Xe; and

Group D comprises other gases selected from the group consisting of:

N,

0..

[0051] In a further aspect, the disclosure relates to a silicon precursor composition,
comprising silicon tetrafluoride and a fluororeaction suppressor, in a premixture or co-flow form.
The fluororeaction suppressor in such composition may be of any suitable type, and may for
example comprise one or more of hydrogen, hydride gas, nitrogen, silane, and ammonia. In one
specific embodiment, the fluororeaction suppressor may comprise nitrogen. In another specific
embodiment, the fluororeaction suppressor may comprise ammonia.

[0052] The disclosure further contemplates a gas supply kit for an ion implantation system,
comprising:

a first gas supply vessel holding a silicon precursor composition of the present disclosure; and

a second gas supply vessel holding a co-flow gas for use with said silicon precursor composition.
[0053] In a specific embodiment of such gas supply kit, the silicon precursor composition
may comprise silicon tetrafluoride, and the co-flow gas may comprise a fluororeaction suppressor
gas. Such gas supply kit may be constituted, with the silicon tetrafluoride being isotopically
enriched in at least one silicon isotope. The fluororeaction suppressor gas may comprise one or
more of hydrogen, hydride gas, nitrogen, silane, and ammonia. The gas supply kit may comprise
the silicon precursor composition, in one gas supply vessel, and nitrogen, or ammonia, as the
fluororeaction suppressor gas in another gas supply vessel.

[0054] A further aspect of the present disclosure relates to a method of enhancing operation
of an ion implantation system, comprising providing for use in the ion implantation system:

a first gas supply vessel holding a silicon precursor composition according to the present
disclosure; and a second gas supply vessel holding a co-flow gas for use with said silicon
precursor composition.

[0055] As discussed above, the first gas supply vessel may contain silicon tetrafluoride, and

the second gas supply vessel may contain the fluororeaction suppressor gas as the co-flow gas.
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[0056] In the aforementioned method, wherein the silicon precursor composition comprises
silicon tetrafluoride, the silicon tetrafluoride may be isotopically enriched in at least one silicon
isotope.

[0057] The fluororeaction suppressor gas, in the operational enhancement method, may
comprise any suitable gas, e.g., one or more of hydrogen, hydride gas, nitrogen, silane, and
ammonia.

[0058] The disclosure in a further aspect relates to a silicon precursor composition supply
package, comprising a gas storage and dispensing vessel, containing a silicon precursor
composition of the present disclosure. The gas storage and dispensing vessel may contain a
storage medium for the silicon precursor composition, such as a physical adsorbent medium, or
an ionic liquid storage medium. In other embodiments, the gas storage and dispensing vessel
comprises a pressure-regulated vessel including a pressure-regulating assembly in an interior
volume of the vessel.

[0059] The present disclosure therefore provides a method of implanting silicon, silicon ions
or silicon-containing ions into a target substrate such as a semiconductor wafer, or other substrate
useful in the manufacture of microelectronic products, solar cells, flat-panel displays, and the
like. This method may be carried out by ionizing a silicon-containing dopant material to produce
a plasma having ions, and implanting the ions into the target substrate.

[0060] Examples of illustrative silicon-containing dopant compounds or materials that can
be employed in the practice of the present disclosure include alkyl silanes, bridged siloxanes,
compounds with the chemical formula R,SiHu.,), where 1< n< 4, and R, is an alkyl, alkoxyl,
amido, alkylene, silyl, imido, hydrogen or acetate group, alkyl disilanes, and derivatives and
mixtures thereof. Specific examples of suitable silicon-containing dopant compounds or
materials include: trisilylamine, or (SiH3);N; methyl silane, or MeSiH;; TMCTS, or (MeHSi),04;
dimethyl silane, or Me,Sil,; ethyl silane, or EtSiH;; trimethyl silane, or Me;SiH;
trimethoxysilane, or (MeQO);SiH; hexamethyl disilane, or Me;SiSiMe;; TEOS, or Si(OC,Hs),; and
n-butyl silane, or n-BuSiH;. Additional dopant materials include partially fluorinated or
chlorinated materials as well as in-situ generated materials, and molecules that contain both
halogen and hydrogen.

[0061] Additional examples of suitable materials and their associated characteristics are set

out in the Tables 1 and 2 below.
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[0062] Preferably, silicon-containing dopant compounds or materials utilized in the practice
of the present disclosure are in a gaseous state under appertaining end use conditions. Suitable
dopant source materials also include liquid or solid silicon-containing dopant compounds or
materials having adequate vapor pressure to provide sufficient flow of vapors to the ion source
chamber of an ion implantation system

[0063] In various embodiments, silicon ions or silicon-containing ions are generated from a
feedstock source material and implanted into the target material of a substrate via an ion
implantation process.

[0064] In one illustrative embodiment, an ion source generates the silicon ions by
introducing electrons into a vacuum arc chamber filled with a silicon-containing dopant gas as the
feedstock material. Collisions of the electrons with molecules in the silicon-containing dopant
gas result in the creation of ionized plasma containing positive silicon ions. The ions are then
collimated into an ion beam, which is accelerated towards the target material. The ion beam may
be directed through a mask having a plurality of openings therein to implant the silicon ions in the
desired configuration.

[0065] The present disclosure is not limited in this regard as other means of implanting
silicon ions are within the scope of the present disclosure.

[0066] Silicon precursors of the present disclosure, isotopically enriched, or non-enriched,
may be utilized in feed gas mixtures, co-flow arrangements, e.g., with co-species (other silicon-
containing fluids, which may be enriched or non-enriched in character) and/or diluent gases, as
well as in sequential flow systems in which the silicon precursor is intermittently and repetitively
flowed to a process tool.

[0067] Silicon precursors of the present disclosure may be isotopically enriched above
natural abundance in silicon isotopes of any isotopic species, up to isotopic enrichment of 100%
in single isotopic species.

[0068] The present disclosure contemplates implantation of silicon di-, tri-, and tetramers,
and other cluster silicon implantation compositions. The silicon precursor composition may be
constituted to provide ionic species containing more than one atom of silicon and/or other atoms
for ion implantation. Precursors comprising more than one silicon atom include disilanes,
trisilanes, and other compounds containing Si-Si bonds. Substituted silanes containing carbon,
germanium, boron, phosphorus, or other constituents, may be employed to enhance

amorphization efficacy of the silicon implant species derived from such silicon precursors. For
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example, the present disclosure contemplates Si- and C-containing species, or Si- and Ge-
containing species, derived from corresponding silicon precursors to impart tensile or
compressive stress in the correspondingly implanted substrate.

[0069] In another aspect, the deleterious effects of fluorine that is present in silicon
tetrafluoride, SiF,, are significantly lessened by co-flow or mixture of SiF, with (i) a hydrogen or
a hydride gas such as SiH,, NH;, and the like, and/or (ii) nitrogen (N;). This approach is based on
hydrogen and/or nitrogen intercepting the fluorine reaction with the arc chamber material, e.g.,
tungsten or molybdenum, thereby reducing the fluorine reaction and correspondingly lessening
the etching, deposition and halogen cycle. We have empirically demonstrated that the F+, W+,
and WF; peak in the SiF, beam will be significantly reduced when SiF, is mixed with hydrogen,
nitrogen, or with both hydrogen and nitrogen. The method of effecting such mixture can be either
co-flow, or pre-mixture, of the SiF, with the fluororeaction suppressor component(s). The
concentration of the fluororeaction suppressor, €.2., H, or H/N,, can be from 0.001% to 99.999%
by volume, more preferably from 0.01% to 30% by volume, and most preferably from 2% to 20%
by volume, based on total volume of silicon tetrafluoride and the fluororeaction suppressor
component(s).

[0070] The utilization of a fluororeaction suppressor composition as a co-flow or mixture
constituent is advantageously employed in implanters of any suitable type. In general, the
compositions and processes of the present disclosure can be carried out with implanter equipment
suitable for use for manufacturing semiconductor, solar and flat panel products, e.g., beamline
implanters, plasma immersion tools such as PLAD tools, ion shower implanters, etc.

[0071] The approach of using a reaction suppressor can also be applied using other fluoride
gases, such as for example GeF., AsFs;, and PF3/PFs in co-flow or mixture with gases such as
hydrogen, ammonia, other hydride gases, and/or nitrogen.

[0072] In a specific aspect, the disclosure relates to the use of gas co-flow or pre-mixture to
provide improvements in beam performance and/or source life.

[0073] The gases can be utilized in arrangements involving co-flow, pre-mixture, or
combinations of co-flow and pre-mixture. For such purpose, the gas composition can include a
total of from 2 to 50 gases, with individual gas species present in the co-flow or pre-mixtures at
concentrations that may range from 0.0001 mol.% to 99.9999 mol.%, with all co-flow or pre-
mixture components totaling to 100 mol.%.

[0074] The silicon precursors of the present disclosure may be ionized for implantation
applications in any suitable manner and utilizing any suitable ionizing apparatus or systems. For

example, ionization may be carried out involving electron impact, radio frequency exposure,
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microwave impingement, pulsed plasma techniques, IHC plasma processes, etc. The silicon
precursors can be delivered to the locus of use in any suitable manner, such as by placement of
the precursor supply vessel on a process tool, or alternatively by remote delivery placement of the
precursor supply vessel, or alternatively by on-demand generation of the silicon precursor, either
remotely or at the point of use.

[0075] The implantation of silicon implants species deriving from the silicon precursor may
be utilized in any suitable applications, including the manufacture of semiconductor products,
integrated circuitry, solar cells, flat-panel displays, LEDs, and other ion implantation products.
[0076] Silicon precursors of the present disclosure enable process improvements in silicon
implantation, including beam current improvements in ion beam processes, such as increased
absolute value of beam current, temporal and spatial stability of the ion beam, and additionally
can significantly enhance ion source performance, e.g., in extension of source life.

[0077] In the delivery of silicon precursors of the present disclosure to the ion source of ion
implantation systems, cooling of the arc chamber and/or cooling of the delivery line to the arc
chamber may be employed for silicon precursors that are not thermally stable and that in the
absence of such cooling would decompose prior to being received in the arc chamber. In other
embodiments, the delivery line to the arc chamber may be heated for vapor delivery of the silicon
precursor, so as to avoid condensation in the delivery line.

[0078] Source life and/or beam current can also be improved in other embodiments by use of
appropriate arc chamber liner materials. Illustrative liners include, without limitation, lanthanated
tungsten liners that may be of significant benefit in improving source life, WSi liners that may
inhibit warping that could otherwise occur with 100% tungsten liners, silicon liners that may
serve to reduce the halogen cycle that can cause source failures, and may increase team current
and graphite liners.

[0079] Referring now to the drawings, FIG. 1 is a schematic representation of an ion implant
process system including a storage and dispensing vessel containing a silicon-containing dopant
gas or other silicon precursor source material that is supplied for ion implantation doping of a
substrate in the illustrated ion implant chamber.

[0080] The ion implant process system 300 includes a storage and dispensing vessel 302
holding silicon source material that is supplied for ion implantation doping of a substrate 328 in
the illustrated ion implant chamber 301.

[0081] The storage and dispensing vessel 302 comprises a vessel wall 306 enclosing an

interior volume holding the silicon source material.
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[0082] The vessel may be a gas cylinder of conventional type, with an interior volume
arranged to hold only gas, or alternatively, the vessel may contain a sorbent material having
sorptive affinity for a silicon-containing dopant source gas, and from which the dopant source gas
is desorbable for discharge from the vessel under dispensing conditions.

[0083] The storage and dispensing vessel 302 includes a valve head 308 coupled in gas flow
communication with a discharge line 312. A pressure sensor 310 is disposed in the line 312,
together with a mass flow controller 314. Other monitoring and sensing components may be
coupled with the line, and interfaced with control means such as actuators, feedback and
computer control systems, cycle timers, etc.

[0084] The ion implant chamber 301 contains an ion beam generator or ionizer 316
receiving the dispensed silicon-containing source material from line 312 and generating an ion
beam 305. The ion beam 305 passes through the mass analyzer unit 322 which selects the ions
needed and rejects the non-selected ions.

[0085] The selected ions pass through the acceleration electrode array 324 and then the
deflection electrodes 326. The resultantly focused ion beam is impinged on the substrate element
328 disposed on the rotatable holder 330 mounted in turn on spindle 332. The ion beam of Si+
ions or other silicon-containing ions is used to dope the substrate as desired to form a silicon-
doped structure.

[0086] The respective sections of the ion implant chamber 301 are exhausted through lines
318, 340 and 344 by means of pumps 320, 342 and 346, respectively.

[0087] Any suitable ion source may be usefully employed in an ion implantation system of
the type shown in FIG. 1, e.g., an ion source of a type as more fully described in U.S. Patent
6,135,128 issued October 24, 2000 to M. A. Graf, et al.

[0088] The ion source may for example comprise a housing that defines a plasma chamber,
and an ion extractor assembly. Energy is imparted to the ionizable silicon source material to
generate ions within the plasma chamber. The ions are extracted through a slit in the plasma
chamber by an ion extractor assembly, which comprises a plurality of electrodes. Accordingly,
the ion extractor assembly functions to extract a beam of ions from the plasma chamber through
an extraction aperture plate and to accelerate the extracted ions toward a mass analysis magnet.
[0089] In such an arrangement, an ionizable silicon source material can be flowed from a
suitable supply apparatus for same and injected into the plasma chamber through a conduit
containing a mass flow controller therein. The supply apparatus may include a sorbent-based gas
storage and supply vessel, e.g., of a type as commercially available from Entegris, Inc. (Billerica,

Massachusetts, USA) under the trademark SDS, a pressure-regulated vessel including an internal
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gas pressure regulator, e.g., of a type commercially available from Entegris, Inc. (Billerica,
Massachusetts, USA) under the trademark VAC, a pressure-regulated vessel including an internal
gas pressure regulator, e.g., of a type as commercially available from Entegris, Inc. (Billerica,
Massachusetts, USA) under the trademark VACSorb, or, when a solid dopant source material is
employed, the source may include a solid source vessel, e.g., of a type as commercially available
from Entegris, Inc. (Billerica, Massachusetts, USA) under the trademark ProEvap.

[0090] The ion implantation process of the disclosure, in which a silicon-containing source
material is employed, can be practiced in a wide variety of ion implanter systems, within the skill
of the art, based on the disclosure herein, to enable the commercial production of a wide variety
of microelectronic products, e.g., semiconductor products, including component parts or device
structures doped with silicon.

[0091] FIG. 2 is a cross section of an ion implantation system schematically showing the
generation of a plasma in the arc chamber of such system, with the gas feed line being arranged to
provide active cooling of such line, as useful for precursors of the present disclosure that are
susceptible to decomposition if not thus cooled.

[0092] The ion implantation system 10 includes an arc chamber 12 with a gas feed line 14
for feeding a precursor of the present disclosure to the arc chamber for ionization thereof in the
chamber. A plasma 16 is generated in the arc chamber 12 of such system. The precursor gas is
flowed in the direction indicated by arrow A into the precursor gas feed line 14, having
monitoring thermocouples TC1 and TC2 secured thereto in monitoring relationship to determine
the quality of the thermal state of the feed line and gas entering the arc chamber.

[0093] In this ion implantation system 10, the precursor gas feed line is adapted for active
cooling of such line. Specifically, the precursor gas feed line 14 has associated therewith a
coolant passage 20 through which cooling medium flows in the direction indicated by arrows B.
The monitoring thermocouples TC1 and TC2 are secured in monitoring relationship to the
precursor gas feed line to determine the quality of the thermal state of the feed line and gas
entering the arc chamber.

[0094] The coolant passage may be configured as a cooling jacket on the precursor gas feed
line, or may include passages circumscribing or interdigitated with the precursor gas feed line, or
include other heat exchange or coolant elements, arrays or assemblies effective to provide cooling
to the precursor gas so that decomposition and deposition of clogging solid by-products in the gas
feed line and in the arc chamber are avoided.

[0095] It will be appreciated that the cooling arrangement of the precursor gas feed flow can

be implemented and operated in any suitable manner to effect the requisite cooling of the
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precursor gas, and the cooling arrangement may further be integrated with a thermal management
control system for the ion source, so that the flow rate of the coolant and other operating
parameters are appropriately set for effective ion implantation with precursor gases that would
otherwise be unsuitable for ion implantation usage. Such cooling arrangement can be utilized
with ion implantation systems of widely varied type, utilizing correspondingly varied precursor
gases of the present disclosure.

[0096] FIG. 3 is a cross-sectional view of an ion source of an ion implantation system
arranged for co-flow supply of gases thereto, according to one embodiment of the present
disclosure. The ion source 112 comprises a housing which defines a plasma chamber 122, and an
ion extractor assembly. Energy is imparted to the ionizable precursor gas to generate ions within
the plasma chamber 122. Generally, positive ions are generated, although the present disclosure is
applicable to systems wherein negative ions are generated by the precursor gas. The positive ions
are extracted through a slit in the plasma chamber 122 by the ion extractor assembly 124, which
comprises a plurality of electrodes 142. Thus, the ion extractor assembly functions to extract a
beam of positive ions from the plasma chamber through an extraction aperture plate 146 and to
accelerate the extracted ions toward a mass analysis magnet (not shown in FIG. 3).

[0097] Ionizable precursor gas is flowed from a source 166 of ionizable precursor gas and is
injected into the plasma chamber 122 through conduit 170 containing mass flow controller 168
therein. The source 166 may include a sorbent-based gas storage and supply vessel, e.g., of a
type as commercially available from Entegris, Inc. (Billerica, Massachusetts, USA) under the
trademark SDS, a pressure-regulated vessel including an internal gas pressure regulator, e.g., of a
type commercially available from Entegris, Inc. (Billerica, Massachusetts, USA) under the
trademark VAC, or, when a solid dopant source material is employed, the source 166 may include
a solid source vessel, e.g., of a type as commercially available from Entegris, Inc. (Billerica,
Massachusetts, USA) under the trademark ProE-Vap. The plasma chamber 122 has electrically
conductive chamber walls 412, 414, 416 that bound an ionization zone 420 in the chamber
interior. Side wall 414 is circularly symmetric about a center axis 415 of the plasma chamber 122.
A conductive wall 416 that faces a resolving magnet is connected to a plasma chamber support
422. Wall 416 supports the aperture plate 146 having multiple openings that allow ions to exit the
plasma chamber 122 and then combine to form the ion beam at a location downstream from
multiple spaced apart and electrically isolated extraction electrodes 124. The aperture plate 146
includes a number of openings arranged in a specified pattern that align with similarly configured
multiple apertures in the spaced-apart extraction electrodes 142. Only one such aperture is shown

in FIG. 3.

_27 -



WO 2015/023903 PCT/US2014/051162

[0098] A metallic antenna 430 has a metal surface 432 exposed within the chamber interior
for emitting energy into the plasma chamber 122. A power supply 434 outside the plasma
chamber 122 energizes the metallic antenna 430 with a radio frequency (RF) signal of suitable
character, e.g., an RF signal of approximately 13.56 megahertz (MHz), to set up an alternating
electric current in the metallic antenna to induce an ionizing electric field within the plasma
chamber 122. The power of the antenna may be of any suitable magnitude suitable for the
specific ionization operation, e.g., a power on the order of 500-3000 watts (W). The pressure in
the source chamber can for example be on the order of 1-10 millitorr, so that the source 112
functions as a low pressure, high-density inductive source. The plasma chamber 122 may also
include a magnetic filter assembly 440 extending through a region of the chamber interior
between the antenna 430 and the aperture plate 146.

[0099] The antenna 430 can be positioned within the plasma chamber 122 by a removable
support plate 450. The support plate 450 is supported by the side wall 414 at a location having a
circular cutout 452 through which the antenna extends. A support plate 450 for the antenna 430 is
sized to fit within the cutout 452 in the chamber wall 414 while positioning the exposed U-shaped
metal portion 432 of the antenna 430 within the ionization zone 420.

[00100]  The support plate 450 defines two through passageways that accommodate two
vacuum pressure fittings 456. After elongated leg segments 457 of the antenna 430 are pushed
through the fittings, end caps 458 are screwed onto the fittings to seal the region of contact
between the fittings 456 and the leg segments 457. The antenna 430 is preferably U-shaped in its
radiation-emitting region and may for example be constructed from aluminum. The tube has an
outer diameter dimensioned to pass through the pressure fittings 456. While in use the antenna
absorbs the heat from its surroundings. To dissipate this heat a coolant is routed through the
center of the tube.

[00101]  The plate 450 has a generally planar surface 460 that is exposed to an interior of the
plasma chamber and includes a parallel outer surface 462 that faces away from the chamber
interior. A flanged portion 464 of the plate 450 overlies a ring magnet 470 that surrounds the
cutout in the wall 414 and that is attached to the wall 414 by connectors 472. A ferromagnetic
insert 474 attached to the support plate 450 fits over the magnet 470 so that as the plate 450 is
positioned within the cutout 452, the ferromagnetic insert 474 and the magnet 470 attract each
other to secure the plate 450 in position with the antenna 430 extending into the chamber interior.
[00102]  During operation of the ion source, heat is generated and this heat is absorbed by the
walls 412, 414, 416, 418. The absorbed heat can be removed from the chamber 122 by a coolant

that is introduced through a fitting 476 for routing water into a passageway through the walls and
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away from the chamber by a second exit fitting (not shown). By this arrangement, the
temperature of the walls may be maintained at temperature below 100°C, so that the ion source
112 functions as a cold walled ion source.

[00103] A region of the antenna 430 near the support plate 450 is particularly susceptible to
coating with sputtered material during operation of the ion implanter. To minimize the effect of
such sputtering, two shields 480 can be slipped over the aluminum antenna before the antenna is
inserted into the support plate 450. These shields are preferably constructed from aluminum and
are maintained in place by a friction fit between the shields and the outer surface of the exposed
aluminum of the antenna 430.

[00104]  During operation of the ion source 112, deposits of dopant elements may form on the
interior walls 412, 414 and 416 that bound the ionization zone 420). The present disclosure
contemplates flowing a co-flow gas simultaneously with the source gas while the ion source 112
is operated under normal operating conditions. A co-flow gas source 482 and a corresponding
mass flow controller 484 may be provided, with the co-flow gas output of the mass flow
controller 484 being combined with the precursor gas output of the mass flow controller 168 in
conduit 170 prior to being delivered to the plasma chamber 122. Alternatively, the precursor gas
and the co-flow gas may be delivered separately to the plasma chamber.

[00105] It will be recognized that the precursor gas source 166 may contain the precursor gas
in pre-mixture or combination with other materials, e.g., cleaning materials, diluents, reaction
suppressors, equilibrium-directing materials, reactants, coolants, etc. Alternatively, the co-flow
gas source 482 may contain the co-flow gas or gases in mixture or combination with cleaning
materials, diluents, reaction suppressors, equilibrium-directing materials, reactants, coolants, etc.
Any such supplemental materials may be supplied to the ion source and/or associated flow
circuitry, using any suitable arrangement of source vessels and/or other supply equipment
components.

[00106]  Thus, co-flow gas(es) can be supplied from a same or a different source vessel in
relation to the source vessel supplying the precursor gas, for co-flow of the precursor gas and co-
flow gas to the ion source chamber.

[00107]  The co-flow gas may serve to modulate unwanted deposition in the ion source
chamber, by suppressing reactions that would cause such deposition, or may include cleaning gas
to effect cleaning in situ of the ion source chamber. Various cleaning gases may be employed for

such purpose, including, without limitation, reactive fluorides such as XeF, and NF;.
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[00108]  Relative flow rates of the co-flow and precursor gas vapors are advantageously
determined by empirical or other techniques, within the skill of the art, based on the disclosure

herein, to establish suitable co-flow conditions for the respective co-flow gas streams.

[00109]  While the disclosure has been set out herein in reference to specific aspects, features
and illustrative embodiments, it will be appreciated that the utility of the disclosure is not thus
limited, but rather extends to and encompasses numerous other variations, modifications and
alternative embodiments, as will suggest themselves to those of ordinary skill in the field of the
present disclosure, based on the description herein. Correspondingly, the invention as hereinafter
claimed is intended to be broadly construed and interpreted, as including all such variations,

modifications and alternative embodiments, within its spirit and scope.
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THE CLAIMS

What is claimed is:

1. A method of implanting silicon and/or silicon ions in a substrate, comprising:

generating silicon or silicon-containing ions from a composition comprising silicon precursor

selected from the group consisting of:

(a) monosilanes of the formula SiR'R’R’R* wherein each of Rl, R?,R% and R” can independently
be: H; halogen (F, Cl, Br, D); hydroxy; alkoxy; acetoxy; amino; alkyl of the formula C,Hj,,,
wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; cycloalkyl,
bi- and polycycloalkyl, of the formula C,H,,; wherein n = 1-10, optionally substituted with
hydroxy, alkoxy, acetoxy, and/or amino; alkenyl of the formula C,H,, including a C=C bond,
wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; aryl,
including phenyl and aromatic moieties; alkylene including functionality of the formula =CH,
and C R'R* wherein each of R' and R” is as specified above, optionally substituted with hydroxy,
alkoxy, acetoxy, and/or amino; alkylyne, including functionalities of the formulae =CH and =CR
wherein R is C;-Cj, alkyl, hydroxyl, halogen, or amino derivative of alkyl; or acyloxyl of the
formula —-OOCR wherein R is C;-C;q alkyl, hydroxyl, halogen, or amino derivative of alkyl;

(b) di- and polysilanes of the formula Si,H, comprising at least one Si-Si bond, wherein n = 1-8,
and y = 2n + 2 for unbranched and branched chains, and y = 2n for cyclic compounds and
corresponding substituted di- and polysilanes of the formula Si,R'R*...R¥ wherein n = 1-8 and

each of Rl, R?...RYis as specified for each of Rl, R?,R?, and R* above;

(¢) bridged silicon precursors of the formula H;Si-X-SiH;, wherein X is —CRIRZ—, GeRlRZ—, -NR-,
-PR-, -O-, -S-, -S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and
corresponding substituted silicon precursors of the formula R'R’R*Si-X-SiR*R’R® wherein X is

as described above and each of Rl, R>...R%is as specified for each of Rl, R?,R?, and R* above;
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(d) polybridged, branched and cyclic silicon precursors of the formula H;Si-X-SiH,-Y-SiH»-...7Z-
SiHs, or otherwise containing Si-Si bonds, wherein X is —CRIRZ—, GeRlRZ—, -NR-, -PR-, -O-, -S-, -
S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and corresponding
substituted branched silicon precursors wherein X, Y, and Z = C or N, and corresponding cyclic

silicon precursors;

(e) silenes of the formula H,Si=SiH,, and corresponding substituted silenes of the formula

R'R*Si=SiR’R* wherein Rl, R?,R%, and R* are as specified above; and

(@) silynes of the formula HSi=SiH, and correspondingly substituted silynes of the formula

R'Si=SiR” wherein R" and R* are as specified above;

(g) cluster silicon compounds;

(h) premixtures or co-flow mixtures comprising one or more of the foregoing precursors; and

(i) one or more of the foregoing precursors, wherein said composition comprises gas that is

isotopically enriched above natural abundance in at least one isotope thereof;

wherein said composition does not consist solely of (1) silicon tetrafluoride, (2) silane, (3) silicon

tetrafluoride and silane mixture, or (4) silicon tetrafluoride, xenon and hydrogen; and

implanting silicon or silicon ions in the substrate.

2. The method of claim 1, comprising ionizing the silicon precursor to generate the silicon and/or

ions.
3. The method of claim 2, wherein said ionizing is carried out so as to generate an ion beam of
silicon dopant species, and said ion beam of said silicon dopant species is accelerated by electric

field to implant silicon ions in a substrate.

4. The method of claim 1, as carried out in a method of manufacturing a product article, assembly

or subassembly, comprising silicon-doped material.
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5. The method of claim 4, wherein the product article, assembly or subassembly is selected from
the group consisting of semiconductor product articles, assemblies and subassemblies, solar
energy product articles, assemblies and subassemblies, and flat panel display product articles,

assemblies and subassemblies.

6. The method of claim 1, wherein the silicon precursor and a second gas are co-flowed to an

implantation process tool.

7. The method of claim 1, wherein the silicon precursor and a second gas are present in said

composition as a mixture.

8. The method of claim 1, wherein said implanting comprises beam-line ion implantation, plasma

immersion ion implantation, or plasma doping.

9. The method of claim 1, wherein said ionizing is effected in an ionization chamber, and the
silicon precursor composition is delivered to said ionization chamber in a delivery conduit,

further comprising actively cooling at least one of said ionization chamber and delivery conduit.

10. The method of claim 9, wherein said actively cooling comprises reducing temperature of the

silicon precursor composition entering the ionization chamber.

11. The method of claim 1, wherein the silicon precursor is isotopically enriched above natural

abundance in at least one isotope of silicon.
12. The method of claim 11, wherein the silicon precursor is isotopically enriched above natural
abundance in one or more isotopes of silicon selected from the group consisting of **Si, ’Si, and

30¢q:
Si.

13. The method of claim 1, wherein the silicon precursor is isotopically enriched above natural

. 29cys
abundance in *Si.

14. The method of claim 1, wherein the silicon precursor is isotopically enriched in *’Si to a level

of at least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%. 60%, 65%, T0%, 15%, 80%,
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85%, 0%, 95%, 97%, 98%, 99%, or more, up to 100%, based on the total isotopic species

present in the silicon precursor material.

15. The method of claim 1, wherein the silicon precursor is isotopically enriched in *’Si level of

from 30% to 70%, based on the total isotopic species present in the silicon precursor.

16. The method of claim 1, wherein the silicon precursor is co-flowed to the ionizing with a co-

flow gas.

17. The method of claim 16, wherein the co-flow gas is selected from the group consisting of
hydrides, halogens (fluorine, bromine, chlorine, iodine), halide compounds and complexes,
carbon monoxide, carbon dioxide, carbonyl fluoride, xenon, xenon difluoride, oxygen, nitrogen,
argon, neon, krypton, helium, SiF,, SiH,, Si,Hg, methyl silanes, fluorosilanes, chlorosilanes,

hydrogen selenide, hydrogen sulfide, diborane, methane, ammonia, phosphine, and arsine.

18. The method of claim 1, wherein the silicon precursor composition comprises a gas other than
the silicon precursor, and wherein said other gas is isotopically enriched above natural abundance

in at least one isotope thereof.

19. The method of claim 1, wherein the silicon precursor composition comprises a silicon
precursor selected from the group consisting of

alkyl silanes;

bridged siloxanes;

compounds of the formula R,SiH ., wherein 0< n< 4, and R, is alkyl, alkoxyl, amido, alkylene,
silyl, imido, hydrogens or acetate;

alkyl disilanes;

trisilylamine;

methyl silane;

(MeHSi)404;

Me,SiH,;

EtSiH;;

Me,SiH;

(MeO);SiH;

MesSiSiMes;
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n-BuSiH;;

(SiH;5);5N;

(MeHSi1),04, (TMCTS);
Me-,SiH>;

Si,Hg;

Si;Hg;
Me,SiF-;
HSiF;;

SiCly;

SiHCls;

SiH,Cl;

SiH;Cl;

(NMe),Si,Hy;
Me;Si(CH,CH,);
(MesSi);SiH;
(Me,Si);(NHMe)s;
(MesSi);GeH;
[(tBu)NCH=CHN(tBu)]Si;
(Me;Si)sN;

[(MeO);Si]sN;
(C.H40,),S5i;
Si(OOCCH3)4;
Me;Si(NMe,);
SiH(NMe,)s;

Me;SiEt;

Me,SiCH,NH,;
Me;SiNHSiMes;
Si(OC,Hs)y;
partially fluorinated or chlorinated materials;
in-situ generated materials;
molecules containing both halogen and hydrogen;
and

derivatives and mixtures thereof.
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20. The method of claim 1, wherein the silicon precursor composition comprises silicon precursor
selected from the group consisting of:
(e) silicon-containing precursors selected from the group consisting of:
(v) monomers of the formula Si(R1R2R3R4) or (RIRZ)Si: (silylenes);
(vi) dimers of the formula [Si(R1R2R3)]2;
(vii)  trimers of the formula [Si(RIRz)]3; and
(viii)  tetramers of the formula [Si(RI)]4,
wherein R', R*, R’ and R* are each independently selected from: C,-Cq alkyl; silyl;
amino; amido; imido; C;-Cy alkoxy; siloxy; halo; mono-, di-, and tri-alkylsilyl, wherein
alkyl is C;-Cs alkyl; mono- and di-alkylamino, wherein alkyl is C,-Cy alkyl;
(f) bipyridine and alkyne silane adducts;
(g) silicon selenides comprising silicon directly bonded to selenium (Si-Se bonds), and
(h) precursors (a)-(c) that have been isotopically enriched above natural abundance in at least

one silicon isotope.

21. The method of claim 20, wherein the silicon precursor is selected from (d).

22. The method of claim 1, wherein the ionizing is conducted in an arc chamber, and the arc
chamber has disposed therein an arc chamber liner selected from the group consisting of (1)

lanthanated tungsten liners, (2) WSi liners, (3) silicon liners, and (4) graphite liners.

23. The method of claim 1, wherein the silicon precursor composition comprises at least one
silicon precursor gas from Group A, optionally with additional gas or gases from Groups B, C,
and D, wherein when only one silicon precursor gas from Group A is present, at least one
additional gas from Groups B, C, and D is present as co-flow gas, or is mixed with the silicon
precursor gas in a precursor gas mixture, and wherein:

Group A comprises silicon precursor gas selected from the group consisting of:

SiF,

SiH,

SiHF, wherein each of x and y is from O to 4

SiHCl, wherein each of x and y is from O to 4

SiF,Cly wherein each of x and y is from O to 4

SiHF,Cl, wherein each of X, y and z is from O to 4;

Group B comprises hydrogen or hydride gases selected from the group consisting of:
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H,

PH;

AsH;

NH;

H,Se

H,S

CH,

GeH,

B,Hg

SiH,

Group C comprises inert gases selected from the group consisting of:
Ne

Ar

Kr

He

Xe; and

Group D comprises other gases selected from the group consisting of:
N,

0.

24. A method of implanting silicon ions in a substrate, comprising:
(a) ionizing a silicon precursor comprising silicon tetrafluoride, SiF,, wherein the silicon
tetrafluoride is co-flowed or premixed with a fluororeaction suppressor; and

(b) implanting silicon ions from said ionizing in the substrate.

25. The method of claim 24, wherein the fluororeaction suppressor comprises at least one of (i)

hydrogen, (ii) hydride gas, and (iii) nitrogen.

26. The method of claim 24, wherein the fluororeaction suppressor comprises silane

27. The method of claim 24, wherein the fluororeaction suppressor comprises ammonia.
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28. A silicon precursor composition for use in implantation of silicon and/or silicon ions in a
substrate, said composition comprising at least one silicon precursor selected from the group

consisting of:

(a) monosilanes of the formula SiR'R’R’R* wherein each of Rl, R?,R% and R” can independently
be: H; halogen (F, Cl, Br, D); hydroxy; alkoxy; acetoxy; amino; alkyl of the formula C,Hj,,,
wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; cycloalkyl,
bi- and polycycloalkyl, of the formula C,H,,; wherein n = 1-10, optionally substituted with
hydroxy, alkoxy, acetoxy, and/or amino; alkenyl of the formula C,H,, including a C=C bond,
wherein n = 1-10, optionally substituted with hydroxy, alkoxy, acetoxy, and/or amino; aryl,
including phenyl and aromatic moieties; alkylene including functionality of the formula =CH,
and C R'R* wherein each of R' and R” is as specified above, optionally substituted with hydroxy,
alkoxy, acetoxy, and/or amino; alkylyne, including functionalities of the formulae =CH and =CR
wherein R is C;-Cj, alkyl, hydroxyl, halogen, or amino derivative of alkyl; or acyloxyl of the
formula —-OOCR wherein R is C;-C;q alkyl, hydroxyl, halogen, or amino derivative of alkyl;

(b) di- and polysilanes of the formula Si,H, comprising at least one Si-Si bond, wherein n = 1-8,
and y = 2n + 2 for unbranched and branched chains, and y = 2n for cyclic compounds and
corresponding substituted di- and polysilanes of the formula Si,R'R*...R¥ wherein n = 1-8 and

each of Rl, R?...RYis as specified for each of Rl, R?,R?, and R* above;

(¢) bridged silicon precursors of the formula H;Si-X-SiH;, wherein X is —CRIRZ—, GeRlRZ—, -NR-,
-PR-, -O-, -S-, -S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and
corresponding substituted silicon precursors of the formula R'R’R*Si-X-SiR*R’R® wherein X is

as described above and each of Rl, R>...R%is as specified for each of Rl, R?,R?, and R* above;

(d) polybridged, branched and cyclic silicon precursors of the formula H;Si-X-SiH,-Y-SiH;-...7Z-
SiHj;, or otherwise containing Si-Si bonds, wherein X is —CRIRZ—, GeRlRZ—, -NR-, -PR-, -O-, -S-, -
S RIRZ—, and —Se-, wherein each of R, Rl, and R? is as specified above, and corresponding
substituted branched silicon precursors wherein X, Y, and Z = C or N, and corresponding cyclic

silicon precursors;

(e) silenes of the formula H,Si=SiH,, and corresponding substituted silenes of the formula

R'R*Si=SiR’R* wherein Rl, R?,R%, and R* are as specified above;
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(@) silynes of the formula HSi=SiH, and correspondingly substituted silynes of the formula

R'Si=SiR” wherein R" and R* are as specified above;

(g) cluster silicon compounds;

(h) one or more of the foregoing precursors in a premixture or co-flow form; and

(i) one or more of the foregoing precursors comprising precursor that is isotopically enriched

above natural abundance in at least one isotope thereof,

wherein the composition does not consist solely of (1) silicon tetrafluoride, (2) silane, (3) silicon

tetrafluoride and silane mixture, or (4) silicon tetrafluoride, xenon and hydrogen.

29. The composition of claim 28, comprising silicon precursor isotopically enriched above

natural abundance in at least one isotope of silicon.

30. The composition of claim 28, comprising silicon precursor isotopically enriched above
natural abundance in one or more isotopes of silicon selected from the group consisting of **Si,

29@: 30¢q:
?Si, and *°Si.

31. The composition of claim 28, comprising silicon precursor isotopically enriched above

. 29cys
natural abundance in Si.

32. The composition of claim 28, comprising silicon precursor isotopically enriched above

natural abundance in an isotope other than *Si.

33. The composition of claim 28, comprising silicon precursor isotopically enriched in *’Si to a
level of at least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, T70%, 15%,
80%, 85%, 90%, 95%, V1%, 98%, 99%, or more, up to 100%, based on the total isotopic species

present in the silicon precursor material.

34. The composition of claim 28, comprising silicon precursor isotopically enriched in *’Si level

of from 30% to 70%, based on the total isotopic species present in the silicon precursor.
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35. The composition of claim 28, comprising silicon precursor and co-flow gas.

36. The composition of claim 35, wherein the co-flow gas is selected from the group consisting of
hydrides, halogens (fluorine, bromine, chlorine, iodine), halide compounds and complexes,
carbon monoxide, carbon dioxide, carbonyl fluoride, xenon, xenon difluoride, oxygen, nitrogen,
argon, neon, krypton, helium, SiF,, SiH,, Si,Hg, methyl silanes, fluorosilanes, chlorosilanes,

hydrogen selenide, hydrogen sulfide, diborane, methane, ammonia, phosphine, and arsine.

37. The composition of claim 28, wherein the silicon precursor composition comprises a gas other
than the silicon precursor, and wherein said other gas is isotopically enriched above natural

abundance in at least one isotope thereof.

38. The composition of claim 28, wherein the at least one silicon precursor comprises silicon
precursor selected from the group consisting of
alkyl silanes;
bridged siloxanes;
compounds of the formula R,SiH .., wherein O< n< 4, and R, is alkyl, alkoxyl, amido, alkylene,
silyl, imido, hydrogens or acetate;
alkyl disilanes;
trisilylamine;
methyl silane;
(MeHSi)404;
Me,SiH,;
EtSiH;;
Me,SiH;
(MeQO);SiH;
Me;SiSiMe;;
n-BuSiH;;
(SiH;5);N;
(MeHSi1)4,04, (TMCTS);
Me,SiH,;
Si,Hg;
Si;Hg;

- 40 -



WO 2015/023903 PCT/US2014/051162

Me-SiF-;

HSiF;;

SiCly;

SiHCls;

SiH,Cly;

SiH;Cl;

(NMe),Si,Hy;
Me;Si(CH,CH,);
(Me;Si);SiH;
(Me,Si);(NHMe)s;
(Me;Si);GeH;
[(tBu)NCH=CHN(tBu)]Si;
(Me;Si);N;

[(MeO);Si]sN;
(C.H40,),S5i;
Si(OOCCH3)4;
Me;Si(NMe,);
SiH(NMe,)s;

MesSiEt;

Me,SiCH,NHo;
MesSiNHSiMe;;
Si(OC,Hs)a;

partially fluorinated or chlorinated materials;
in-situ generated materials;
molecules containing both halogen and hydrogen;
and

derivatives and mixtures thereof.

39. The composition of claim 28, comprising silicon precursor selected from the group consisting
of:
(e) silicon-containing precursors selected from the group consisting of:
(i) monomers of the formula Si(R1R2R3R4) or (RIRZ)Si: (silylenes);
(i) dimers of the formula [Si(R'R*R*)]»;
(iii) trimers of the formula [Si(RIRz)]3; and
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@iv) tetramers of the formula [Si(RI)]4,
wherein Rl, R? R’ and R* are each independently selected from: C;-Cg alkyl; silyl;
amino; amido; imido; C;-Cg alkoxy; siloxy; halo; mono-, di-, and tri-alkylsilyl, wherein
alkyl is C;-Cs alkyl; mono- and di-alkylamino, wherein alkyl is C,;-Cg alkyl;
(f) bipyridine and alkyne silane adducts;
(g) silicon selenides comprising silicon directly bonded to selenium (Si-Se bonds), and
(h) precursors (a)-(c) that have been isotopically enriched above natural abundance in at least

one silicon isotope.

40. The composition of claim 39, wherein the silicon precursor is selected from (d).

41. A silicon precursor composition, comprising at least one silicon precursor gas from Group A,
optionally with additional gas or gases from Groups B, C, and D, wherein when only one silicon
precursor gas from Group A is present, at least one additional gas from Groups B, C, and D is
present as co-flow gas, or is mixed with the silicon precursor gas in a precursor gas mixture, and
wherein:

Group A comprises silicon precursor gas selected from the group consisting of:

SiF,

SiH,

SiHF, wherein each of x and y is from O to 4

SiH,Cly wherein each of x and y is from O to 4

SiF,Cly wherein each of x and y is from O to 4

SiHF,Cl, wherein each of X, y and z is from O to 4;

Group B comprises hydrogen or hydride gases selected from the group consisting of:

H,

PH;

AsH;

NH;

H,Se

H,S

CH,

GeH,

B,

SiH,
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Group C comprises inert gases selected from the group consisting of:
Ne

Ar

Kr

He

Xe; and

Group D comprises other gases selected from the group consisting of:
N,

0.

42. A silicon precursor composition, comprising silicon tetrafluoride and a fluororeaction

suppressor, in a premixture or co-flow form.

43. The composition of claim 42, wherein the fluororeaction suppressor comprises one or more

of hydrogen, hydride gas, nitrogen, silane, and ammonia.
44. The composition of claim 42, wherein the fluororeaction suppressor comprises nitrogen.
45. The composition of claim 42, wherein the fluororeaction suppressor comprises ammonia.

46. A gas supply kit for an ion implantation system, comprising;
a first gas supply vessel holding a silicon precursor composition according to claim 28; and

a second gas supply vessel holding a co-flow gas for use with said silicon precursor composition.

47. The gas supply kit of claim 46, wherein the silicon precursor composition comprises silicon

tetrafluoride, and the co-flow gas comprises a fluororeaction suppressor gas.

48, The gas supply kit of claim 47, wherein said silicon tetrafluoride is isotopically enriched in at

least one silicon isotope.
49. The gas supply kit of claim 47, wherein the fluororeaction suppressor gas comprises one or

more of hydrogen, hydride gas, nitrogen, silane, and ammonia.
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50. The gas supply kit of claim 47, wherein the fluororeaction suppressor gas comprises nitrogen.

51. The gas supply kit of claim 47, wherein the fluororeaction suppressor gas comprises

ammonia.

52. A method of enhancing operation of an ion implantation system, comprising providing for

use in the ion implantation system:

a first gas supply vessel holding a silicon precursor composition according to claim 28; and

a second gas supply vessel holding a co-flow gas for use with said silicon precursor composition.

53. The method of claim 52, wherein the silicon precursor composition comprises silicon

tetrafluoride, and the co-flow gas comprises a fluororeaction suppressor gas.

54. The method of claim 53, wherein said silicon tetrafluoride is isotopically enriched in at least

one silicon isotope.

55. The method of claim 53, wherein the fluororeaction suppressor gas comprises one or more of

hydrogen, hydride gas, nitrogen, silane, and ammonia.
56. The method of claim 53, wherein the fluororeaction suppressor gas comprises nitrogen.
57. The method of claim 53, wherein the fluororeaction suppressor gas comprises ammonia.

58. A silicon precursor composition supply package, comprising a gas storage and dispensing

vessel, containing a silicon precursor composition according to claim 28.

59. The silicon precursor composition supply package of claim 58, wherein the gas storage and

dispensing vessel contains a storage medium for said silicon precursor composition.

60. The silicon precursor composition supply package of claim 59, wherein said storage medium

comprises a physical adsorbent medium,
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61. The silicon precursor composition supply package of claim 59, wherein said storage medium

comprises an ionic liquid storage medium.

62. The silicon precursor composition supply package of claim 58, wherein said gas storage and
dispensing vessel comprises a pressure-regulated vessel including a pressure-regulating assembly

in an interior volume of the vessel.
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