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NEW INORGANIC SILYL AND POLYSILYL DERIVATIVES OF GROUP V ELEMENTS
AND METHODS OF SYNTHESIZING THE SAME AND METHODS OF USING THE
SAME FOR DEPOSITION

Cross Reference to Related Applications
(0001} This application claims the benefit of priority to U8, Provisional Patent
Application No. 83/293,348, filed December 23, 2021, the entire contents of which are

incorporated herein by reference.

Technical Field
[0002] The present invention relates to Group V element-containing precursors and
methods of synthesizing the same and methods of using the same in semiconductor film
depositions, in particular, to the Group V element-containing precursors having the general

formula:
(SiRz)a-mA(SiaH2a+1)m, OF
(SiRs}znpA(SiaHzar1 o SloHaps)o OF
A(SisHaar)(SioHzor1)(SicHzce1)
wherein
a=1to8 b=1tod c=1i06 a=b=c
m=113

n={toZ,p=1t02 n+p=2103;

A=As, P, Sb, Bl and

R is selected from a Cy io Gy, linear, branched or cyclic alkyl, alkenyl, alkynyl group;
o the synthesis methods including one-step, two-step, or three-astep reaction(s) between
haio{poly)silane(s) and a tris{triatkylsilyl} derivative of A or g one-pot mixing reaction with a
mixture of two or three haio{poly)silanes and the tris{irialkyisilyl) derivative of A; and o the
methods of deposition Si and Group V slement-containing films including CVD, PECVD,
ALD, PEALD, flowable CVD, HW-CVD, Epitaxy or the like.

Background
(0003} Thinfilms comprising Group ¥ elements are used in varicus applications, including
p-doped Si or SiGe semiconducter channel and contact layers in solid state transistors,
non-volatile phase-change memorias (PCM), solar cells, {li-V compounds and optical
storage materials, ete. -V compound semiconductors can be used in many different
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application areas, including transistors, optoslectronics and other application areas, for
example, in bipolar transistors, field sffect transistors, lasers, IR detectors, LEDs, wide band
gap semiconductors, guantum well or guantum dot structures, solar ¢cells and in mongclithic
microwave integrated circuits.

(80041  Several -V semiconductors exhibit features that make them attractive for use in
solid-state electronic devices (e.q., high thermal stability, high electron mobility, and low
band gap). However, the HI-V semiconductors are more difficuit 10 synthesize than the
widely used group IV semiconductors, and the [ack of suitable routes to the -V compounds
has hinderad their accepiance as allernates to the group IV compounds,

[000s5] Some GCroup V oelement-containing compounds {(or V compounds) have been
made using silyl and polysily! ligands, namely, P(SiHz)s, P(SiaHs)s, and As(SiH:), etc. The
usage of such compounds for thin film deposition process has been disclosed for P(SiHa)
for epitaxial applications (ref} as a phosphorus dopant through forming a interlinked Hi-V-
(IV)3 "building blocks”, leading o highly stable and crystalline structures with average
diamond-like symmetry.

[6008] Related prior art includes the followings.

[0007] Tice et al. (Dalton Trans., 2010, 39(18), 4551 —~ 4558) disclose P{SiHa)s is
synthesized by P{SnMes); + 3 SiHsBr — (SiHsisP + 3 Me:SnBr.

[0008] Amberger et al. (Angew. Chem. Int. Ed., 1862, 1, 52) disclose (SiH:)sP is
synthesized by 3 KPHz + 3 SiHsBr — P{SiHs)s + 2 PHa + 3 KBr at ~55% yield.

[0008] Amberger et al. (Angew. Chem., 1862, 74, 293) disciose under mild conditions,
(SiHshaAs s synthesized and isclated from reactions between 3 KAsHy+ 3 SiH:Br -
As(SiHa)s + 2 AsHs + 3 KBr at ~50% vyield.

[B010]  Amberger ef al. (Zeitschrift fuer Naturforschung 1963, 18b 157) also disclose the
preparation and properties of frisilylstibine, by reacting LiaSb + SiH3Br in ether at low
temperature, followed by isolation of lights to vield Sb{SiHs): at 77%.

[0011] BDrake et al (J. Chem. Soc,, 1989, 682 — 665) disclose the synthesis P(Si,); while
reacting proper amount of diborane with Six-PHz 3 SiHsSiHPH: - (facilitated by Babe)
P(SioHs)a +2 PHa.

[0012] Drake at al. {inorg. Chem., 1867, 8(11). 1984 - 1986, Chem. Ind., 19682, 1470)
disclose the synthesis and purification of monoesilylphosphoine, such as SiH:SiH-PH,, by
induced decomposition of monosilane and phosphine mixture in an ozonizer silent electric
discharge, followed by trap-to-trap distiliation.

[0013] Drake et al. {J. Chem. Soc. A, 1968, 2709) disclose the formation of (GeHs)sP

from GeHaPH, disproportionation.
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[0014] Drake et al. (J. Chem. Scc. A, 1871, 13, 2246} disciose the reaction betwaen
P(SiHs)s and LiAIH, would yield as one of the products, e.g., LIAIH[P(SiHs)]: + SibHsBr -
SizHs-P(SiHs).

[0015] Drake et al {Inorg. Nucl Chem. Letters, 1988, Vol 4, pp361-363) disclose
monobromogermane reacts with trisilylphosphine {o give an ‘sxchange’ resulting in the
formation of trigermyiphosphine. Monobromosilane reacts with KMH:z (M = P, As, Sb) to
give the trisilyl rather than the monosilyl derivatives and monciodosilane reacts with
disilylamine to give a trisilyl species.

[0018] Cradock et al. (J. Cham. Soc. A, 1867, 1229) disclose the exchange reaction {o
form (GeHa)sP from GeHaBr-(SiHs )P,

[0017] Wingeleth et al. {(Phosphorus and Sulfur and the related Elements, 1988, 39, 123-
9) disclose the formation of P(SiHs)s, P(SizHs), P(SiHa)(8iHs), PiGeHs)s through
redistribution reactions of monosilyl- or monogermyl-phosphines, including SiHaPH:z,
SizHsPHy, SiHaPH/SHsPH:, and GeMaPHs, promoted by BXa, BaMs, and BsHe.

[0018] Beagley et al, {Chem. Commun., 1967, 12, 801-602) disclose the gas phase
pyramidal structures of P(SiHa): and As(SiHa)s.

[0018] Yang et al. (Chem. Mater. 2014, 26, 14, 40024101} disclose that through low-
temperature reactions between P(SiHz)s and Al atomic beams, AlP{SiHs)s intermediate
formed which contains Al-PSis corg, which is lately confirmed that it can be deposited and
match on Si{100) latlice, and thus presented a practical route to grow [H-V material on
Group IV semiconductors.

(00201 Walking st al. {J. Am. Chem. Soc. 2011, 133, 40, 1621216218} disclose the
preparation, characterization, and theoretical simulation of tetragonally strained Al-PSi;
core grown on Si(100).

[0021] Chizmeshya et al. (ECS Transactions, 2012, 50(9), 623-634) disclose similar
application o use molecular beam epitaxy (MBE) technigues at < 600°C to form
intermediates with Al-PSi; core and then incorporated into diamond-shape Group 1V
matarials. in a similar manner, Al-AsSSis can be deposited using As(SiHa)s precursor, as well
as a hybrid of P/As, AsiN, PN by forming the corresponding intermediates using a mixture
of As(SiHa)s, P(SiH:)s, and N{SiHs)s to react with Al The work can be extended o deposition
of Al-PSkGeaan-y by infroducing precursor mixtures of P(SiHa): and P(GeHa)s.

[0022] Sims et al (Chem. Mater. 2015, 27, 8, 3030-3038) disclose a hybrid of Group i
materials, such as AlLBPSia (= 0.04 - 8.068) formed by low P CVD process using P{SiHs)s
and Al(BH.)a precursors, and grow on Si-based solids.

[0023] Kouvetakis et al. (Chem. Mater. 2012, 24, 16, 3219-3230) disclose the use of

w3
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M{SiH:)a (M = P, As) and Al to synthesize (lH-V)-(1V) alloys on Si substrates using gas-
source MBE. The addition of N(SiHz:}s info the reaction mixture under appropriate conditions
ted into novel hybrid materials Al{ASLN)SIz and AP NG, Sis-zy.

[6024] WO 2012086825/US 20200168462 to Romero et al. disclose the decomposition
of Group V (including N, P, As, Sb, and Bi) andfor Group VI {including &, Se, and Te)
materials using the corresponding hydrides, and/or silylated species, including silylated
phosphing, arsing, stibing, and bismuth, eic.

(00257 US7020895 {o Todd et al. discioses methods for forming epilaxial films whersin
phosphorous, arsenic and antimony are supplied in the form of precursors such as
phosphine, trisilyiphosphine, arsineg, irisilylarsine, stibine, and silylstibine.

[0028] US0000423 to Weeks et al. disclose doped semiconductor films and processing
whereain the dopant comprises phosphorus,

[0027] USS716751 to Todd discloses silicon alloys and doped silicon films formad by CVD
and ion implantation processes using Si-containing precursors including (HaSh MR,
{H28hsN, and (HaSi)aNz, wherein Ris Hor D, x=0, 1 or 2, and M is selected from the group
consisting of B, P, As, and Sh.

[0028] US4910153 to Dickson disciosas deposition precursors having the formula (MXs)s
M' X4 wherein M and M’ are different Group 4A atoms, at least one of M and M’ is silicon,
X is hydrogen, halogen or mixiures therecof, and n = 1 to 4, inclusive. Dopants having the
formula (SiXs)alXam wherein L is a Group 5A atom selected from the group of P, As, Sb
and Bi, X is hydrogen, halogen or mixtures thereof and m is an integer helween 1 and 3,
inclusive.

[0028] Appiications of compounds having a formula A{SiH:)a«(H or D) are described for
instance in WO2002065508, specifically when used in combination with a Si source that is
a polysilane like disilane or irisilane. This chemistry selection enables to depositfilms at g
lower temperature than the classical SiHg / PH: / AsHs chemistry used for such process,
and thus enables to deposit a film having a higher dopant concentration than the solubility
value of the dopant in silicon.

Swmmary
[0030] There is disclosed a method for synthesizing a Group V slement-containing
compound, the method comprising:
contacting A(GIR:}: with one, two or three typas of halo(poly)silane(s) sither in series
or in a mixture, wherein the halo{polysilane is selected from the group consisting of X-
SiaHzart, X-SipHaper and X-SicHaer: and
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dehalosilylating A(SiRs)s to form the Group V element-containing compound
(SiR3)3.mA{SiaHza41)m, OF
(SiR3)2-npASiaHza 1 )n{SloHap1jp OF
A(SigHzae 1 }{SigHzoe 1 H{BicHzer 1)
through the stepwise general reaction(s):
a). one-step reaction:
A(SiIRz)s + m X-SiaHzav — (SiRa}anA{SIaHzas1 Jm + M X-8iRs,
B}, two-step reactions:
A{SIRs)s + 1 X-BlaHaast — (SiR3)anA(SiaHaarn + 1 X-8iRs
(SiR2)3nA{SIaHzar 0 + P K-(SipHanr) — (BiRa)anpA(BlaHzar Jn(ShoHaes 1 Jp + p X-8iRs, or
¢). three-step reactions:
A(SIR3)z + X-SiaHzars — (SiR3)A(SlaHag+1) + X-SiR:
(SiR3)2A(SlaHzar1) + X-8ipHapet — (BIRDA(SHza01 ) (SioHaoer} + X-GiRs
(SIR3)A(SaH ){SipHops) + X-BigMHoner — A{Siaboar ) SigHape1 ) {BicHoer ) + X-8iR3;
alternatively, through a one-pot reaction with a mixture of two or three halo{poly)silanes:
A{SIRs}s + x X-SlaHaasrs + y X-SigHaper + 2 X-8icHac1 —
ASiaHoar1 x(SipHzoe1 1(SicHoce 1) SR Yy + (X + ¥ + Z) X-SiR;3,

wherein
X=Cl Broorl;
az=1io8 b=1toB c=1o8 a=xb=cC
m=1103;

n=1t02,p=1o2 n+p=2103;
x=003,y=0103,z=0t03, x+y+z=1103;
A= a Group V element selected from As, P, 8b, Bi; and
Ris selected from a Cy to Gy, linear, branched or cyclic atkyl, alkenyl, alkyny! group.
The disclosed methods may include one or more of the following aspects:

« a solvent being added;

= the solvent being selecied from an alkane or aromatic solvent, a halcalkylsilane or
a mixture theregof,

= g ratio of the solvent to A(SiRa)s being O - 98 wi%;

s the alkane or aromatic solvent being selected from pentane, hexanes, heptansas,
benzene, oluene, xyleng, chiorofrimethylsilang, or a mixture thereof,

e & ratio of halo{poly)silana(s) to A(SIRs): ranging from 1 : 8810 89 © 1,

e g ratio of halo(poly)silane(s) to A(SIR:)s ranging from 1. 201020 : 1;
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s a ratio of halo{poly)silane(s) to A(SiRas rangingfrom 1: 510 51 1;

« X being C;

s the halo{poly)silane being a chioro(poly)silans;

» the chloro{poly)siiane being Cl-SiaHzav, Cl-SigHane andfor Cl-SiaHaae, Whereina =
106 b=1to8, c=1106 axb=¢;

# the chioro(poly)silane being CI-8iHs, Cl-SBiaHs, or Cl-BisHy,

e [ being a methyl group (Me);

s further comprising
separating the solvent and reaction products to isolate the Group V element-

containing compound; and

purifying the Group V element-containing compound;

s & purity of the Group V element-containing compound being > 80%;

= & purity of the Group V element-containing compound being > 85%;

e & purity of the Group V element-containing compound being > 98%,;

+ the method being a batch process;

s the reactions baing maintained at a temperature ranging from -20°C to 150°C,;

e the reaction being maintained at a temperature ranging from room temperature {0

= the Group V element-containing compound containing a trisilyl group;

e the trisityl group being -SIH(SiHa): (Hrisiiyl);

s the trisilyl group being -SiHz-SiHz-SiHs (n-trisilyl);

= the Group V element-containing compound being selected from  P(SiHs)s,
P(SIR3)(SiHa)2, P(SIR3)2(SiHa), P(SIR)(SiaHs)z, P(SIRs)ASizHs), P(SiaHs)s, P(SIR)(SisH7)z,
P(SIR2)2(SisHy), P(SiaHr)z, As(SiHs)s, AS(SiR:)(SiHa)z, AS(SIR:){SiHs), As(SIR:){SiaHs)z,
As(SiRa)a(SiaHs), As(SixHs)s, AS(SIR:)(SlaHyr)e, As{SiR:)2{SiaHy), AsS(SisHr)s, Sb(SiHa)s,
Sh(SIR:){SiHs), Sh{SIR:)(SiH:), SH{EIR:)SizHs), Sb(SIRa)(SiHs),  Sb(SizHs)s,
Sh{SIRs){(SiaH7)z, SO{SIR:)ASisHy), Sb(SiaH7)s, P(SIRNSIH:)(SiHs), PISIRa)(SiHa)SisHy),
P(SiHa)(SibHs), P(SiH(SisHy), P{SiH:)SiaHs)2, PSIHYSiH)(SisHy), P(SiHs)(SisHy):,
P{SizMs)2(SizHy), P(SiaHz}(SisH7)z,  AS{SIR:NSiHa)(SiaHs),  As{SIR:}SiH: HSizH7),
AS{SiHa)(SlaHs), As(SiHa)a(BiaH7), A(SiH}{SiaHs), AS(SiHa X SizHs )} SisHy),
As(SiHa)SisM7)z, AS(SizMs)2(SisHy), As{SizHs){(SisMH7)2, SH{SIR Y Sz} SiaHs),
Sb(SIR{SiHs}{BizHy), Sb{5iHs)2{SizHs), Sh{SiHs)2(SiaHy), SH{SiH3}SizHs)z,
Sh{BiH){SiHs){SisHy), Sh{SiH){(SiaHr),, Sb(ShHs)(SizHy), or Sh{SixHs)(SisHy)z;

s R being selected from Me, Ef, nPr, iPr, 1Bu, nBu, iBu or sBuy;
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« when R = Me, the Group V element-containing compound being selected from
P(SiHz)s, PTMSYSiH:), PTMSR(SiH:), PTMS)SiHs), PTMS)(SkhH:), P(SiaMs)s,
P{TMS){SiaHr)z, PTMS)(SisHy), P(SisHy)a, As(SiHs)s, As{TMS)(SiHs)z, As{TMS)(SiHs),
AS(TMS)SizHs)a,  AS(TMS)(SiaHs), As(SiaHs)s, AS(TMS)SisHr)2,  As{TMS)SisHy),
As{SizH7)s, Sh(SiHa)a, SH{TMSNSiHa)s, Sh{TMS)2{SiHs), Sh{TMS)SizHs)2,
Sh{TMS)(SixHs),  Sb(ShkHs)as,  SH{TMS)SizHrlz,  Sh{TMSR(SiH:),  Sb{SiHis,
PTMS)SIHa)(SiaHs), P{TMS){SiH3){SisHy), P(SiHa)a(SizHs), P(SiHs)(SiaHy),
P(SIH:)SizHs)e, P{SIH)SiaHs){Siaky), P(SIH){SiaH7)z, P(SiHs)(SiaHy), PSkHs)(SisHr):,
As{TMSHSIH:BizHs),  As(TMSHSIH)(SisHy),  As(8iH:)(ShHs),  As(SiHa)(SiHy),
As(SiHa){SixHs)s, AS(SiHa)(SiaHs)(SisHy), As(SiHs)(SisHr)z, AS(SizHs){SisHy),
As(SaHs){SizHr)2,  Sh{TMS)}SIH:)(SizHs),  SE{TMSHSiHs)(SiaHy),  Sh{SiHs)(SiaHs),
Sb(SiHa)2(SizHy), Sh{SiH;){SizHs)z, SH{GIHHSiaHs}{SisHy), Sh{SiHa)(SisHy)z,
Sb(SizHs)2(SisHy), or Sb(ShaHs){SiaHr)z;

e the Group V slement-containing compound being selected from the group consisting
of P(SiHs)s, PTMS)(SiH:), PTMS,{SiM;), P(TMS)SizHs), F{TMS)y(SizHs), P(SizHs)s,
P{TMS)(SisHr)e, P(TMS)(SisHy), P(SiaHr)s, PTMSHSIH:)SiMs), PTMSHSiHsHSizHy),
P{SiH:)(SiHs), P(SiH)(SisHy), PSIHsXBiHs), PSIHHSH:}{SiaHy), P(SiH)SisH ),
P(SiaHs){SisHy) and P(SizHs)SiaH7 )2,

e the Group V slement-containing compound being selected from the group consisting
of, when n = 2 to 3, A(SLH:GIR:)2, A(SIHMSIR:)2, A(SiaHs)(SIRs), A(SiaHy){SiRa),
A{SizHs)s, and A(SiaH7)s, wherein A is a Group V element selected from P, As, Sbor Bi; R
is selected from a G+ to Cyp, linear, branched or cyclic alkyl, alkenyl, alkynyl group; provided
that if A = P, then P(SiH3)(SiHs), PSIH:)SiaHs), P(SiaHs)s, and P{SiH:)(TMS) are
excluded; and

s the Group V element-containing compound being, whenm = 3, A(SigHaa+1 )3, whersin
a=1106; Ais a Group V element selected from P, As, b or Bi; Ris selectedfroma Cq to
Cio, lingar, branched or cyclic alkyl, alkenyi, alkynyl group; provided that if A = As, then a >
1, iFA = P, then P(SiHs)s is excluded,; and if A = 3b, then Sb{SiHs): is excluded.

[0031] There is also disclosed a Group V element-containing compound, the Group V
element-containing compound having the formula:
(SiRa)3.0AS a1 ),
(SiRz)a.0-pA{SkaHzas1 )n(SipHzos)p OF
A(SiaHoar1 ){SpHaps1 {BicHacs )
wherein
a=1lo8 b=1to8 c=1086axb=¢
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m=1103;
n=1fo2,p=1to2 n+p=2103;
A= g Group V element selected from As, P, Sb, Bi; and
R is selected from a 4 10 Cyg, linear, branched or cyclic atkyl, atkenyl, alkynyl group;
provided that if A = As, then As{SiHi): is excluded; if A = P, then P(SiHa)s,
P{SiH33(SiaHs), P(SiHs){SizHs)z, P(SiaHs)s, and P{SiH:){TMS) are excluded, and f A = Sb,
then Sb{SiHa)s s axcluded. The disciosed compounds may include one or more of the
following aspects:
e & purity of the Group V elemant-containing compound being > 83%,;
s a purity of the Group V element-containing compound being > 85%; and
s g purity of the Group V element-containing compound being > 88%.
[0032] There is also disclosed a method for forming a Si and Group V element-containing
film on a substrate, the method comprising
exposing the substrate {o a vapor of a film-forming composition that contains a Si
and Group V element-containing precursor; and
depositing at least part of the 5i and Group V element-containing precursor onto the
substrate to form the Si and Group V element-containing film on the substrate through a
vapor deposition method,
wherein the Si and Group V element-containing precursor having the general

formula
{(SiR2)a.mASlaMHzae1)m,
(SiR2)2npASiaHaar Jn{SipHapet Jp OF
A(StaHza+1)(SioHape1 )} SicHacr1)
wherein

Ais a Group V element selected from P, As, Sb or Bi;

a=1to8 b=1to6 c=1i06,a=b=¢C

m=1to3;

n=1t2, p=1io2 n+p=210 3

R is selected from a 4 10 Cqg, linear, branched or cyclic atkyl, alkenyl, alkynyl group;

provided that if A = As, then As{SiHi:): is excluded; if A = P, then P(SiHa)s,
P(SiHs)o(SizHs), P(SiHs)SiaHs)z, P(SigHs)s, and P(SiHs)(TMS) are excluded; and if A = Sb,
then Sh{BiHa)s is excluded. The disclosed methods may include one or more of the following
aspecis:

e the Group V element-containing precursor being selected from P(SiHa)a,

P(SIR2}{(SiHa)z, P(SiR:)(SiHa), P(SIR:)(SizHs)2, P(SIRa)(SihHs), P{SiaHs)s, P(SiR:)(SisHr):,
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P{SIR:)2(SisHy), P(SiaHyr)s, As(SiHs)s, AS(SIR){SiH:)z, AS{SIR:{SiHs), AS(SIR:)(SiaHs),
As(SiRa)a(SibHs), As(SiaHs)s, As(SIR:)(SisMr), As{SiRa)2(SiaHy), As(SisHr)s, Sb(SiHa)s,
Sh(SiRa}{SiHs), Sh(SIR:)2(SiHz),  Sb{SIR:)(SizHs)2, Sb{SiR2)2(SiaHs),  Sb(SizHs)s,
Sb(SIRs)(SiaHr)2, SO{SIR:)(SisHy), Sh(BizHr)s, P(SIRHSIHs)(SizHs), P(SIRs)(SiHa){(SisHy),
P(SiHs{SiHs), P(SiHa)SisHy), P{SIH:)SizHs)2, P(SIHaSiHaHSiH7), P(SiHs)(SizH):,
P(SizHs)2(SiaHr),  P(SiaHs)(SisHrlz,  AS(SIR:NSIH:)(SiaHs),  As(SIR2){(SIH:){SiaH7),
As(GiHa)(SlaHs), As(SiHa)a(5iaH7), As(SiHz}{SiaHs)e, AS(SiH:)(SizHs)(SisHy),
As(SiHa)(SizH7)z, AS(SizHs)2(SisHy), As(SizHs)(SisHr)e, SH{SIR:}{SiHa){SizHs),
Sh{SIR:}{SiHs){SiaHy), Sb{SiHs}(SiaHs}, SH{SiHs)(SiaH7), SH{SiH3}SizHs)z,
Sh{SiHaNSizHs)(SisHy), Sb{SiHs)(SiaHr)z, Sb(SizHs)2{SizHy), or Sb{SizHs)}SisHy)z;

s R being selected from Me, Ef, nPr, iPr, tBu, nBu, iBu or sBu;

« the Si and Group V slement-containing precursor being selected from
PTMS)SiHa)e, PTMS)(GiHe), PTMS)SidHs), P{TMS)(SizHs), P(TMS)SisHy):,
P(TMS)(SisHy),  P{SisHyz)s, AS{TMS)HSiHz)e,  As(TMS)R(SiHz),  As{TMS)(SizHs)e,
As(TMS)(SizHs),  As{8izHs)s,  AS{TMS)SiaH7).,  As(TMS)(SiaHy),  As{SizH7)s,
Sh{TMS)(SiHs)2, Sb(TMS)(SiH3), Sb{TMS)(SixHs)z, Sb{TMS):(SizHs),  Sb(SizHs)s,
Sb{TME)SisHr)e, Sh{TME)(SiaH7), Sb{SisHy)s, PTMENSIH:)(SizHs), PTMSHSiH){(SisHy),
P(SiHa)(SisHy), P{SiH){BiaHs){SisHy), FSiH(SiasHy )2, P{SiHs)(SiaHy), P(ShHs)(SisHr)s,
As{TMEXSIH:}SiaHs),  As(TMSHSIH:)(SH7),  As(SiHz)(SiHs),  AsS(SiH:R{SiHy),
AS{SIH){SiaHs)z, As{SiHs)(SizHs)(BiaH7), AS(SiHa)(SisHy)z, AS(SiaHs){SisHy),
As{SiHs)(SisHy)z,  SH{TMSHSiH:)(SiaHa),  Sh{TMS)HSiHa)(SisHy),  Sb{SiMa)a(SiaHs),
Sh{SiHa)z(SisH7), Sb(SiHa)(SiaHs)z, SH{SIHNSizHs)(SiaHy), SH{SiHs)SlaH7)2,
Sh(BizHs}{SizHy), or SH{SLHs){SisHy)z;

« the Si and Group V element-containing precursor being selected from the group
consisting of P(SisHr)a,  P(SiHa)2(SisHy),  P(SIH:}(SizHs)z,  P(SiHa{SizHs){SisHy),
P(SiHa)(SisH7)z, P(SizHs)(SisHy) and P{SiHs X SisHr)z;

= the vapor deposition method including a CVD process, an ALD process, an Epitaxy
process, or combinations thereof,

s the fiim-forming composition being activated by heating the subsirate o a
temperature ranging from 200°C {o 1000°C, plasma activating the Si and Group V element-
containing precursor, or a combination thereof,

« further comprising the step of exposing the substrate to a co-reactant;

s the co-reactant being plasma activated;

e the co-reactant baing not plasma activated;
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s the co-reactant being an oxygen-containing gas selected from Oz, O, Hz0O, HOs,
NO, NoO, NO,, O radicals, aicohol, silancls, amincalcchols, carboxylic acids, para-
formaldehyde, or combinations thereof,

s the co-reactant being Os;

« the co-reactant being a nitrogen-containing gas selectad from NHs, Na, Ha, NofHs, Ha
and NHs, Nz and NHs, NH: and NpHi, NGO, N:O, amines, frisilylamine, silazanes, or
combinations thersof;

e the co-reactant baing Ho;

« the co-reactant being Ny,

s the co-reactant being at least one secondary precursor selected from silanes and
polysilanes, alkylsilanes, halosilanes (MCS, DCS, TCS, SiCly), polyhalopolysilanes,
germane, chiorogermane, digermane, polygermanes, halogermanas, phosphines, boranes
or halide containing gases,

s the coreactant being a dilution gas selected from Ar, He, Na, Hz or combinations
thereof;

e the Siand Group V element-containing film being a P-doped silicon-containing film;

e further comprising the step of annealing the Siand Group V elemeni-containing layer
through thermal annealing, furnace-annealing, rapid thermal annealing, UV or e-beam
curing, and/or plasma gas exposure,

= the substrate being a powder; and

e the powder comprising ane or more of NMC {(Lithiurm Nickel Mangansss Caobait
Oxide), LCO {Lithium Cobalt Oxade)y, LFP Lithium fron Phosphats), and othsr baltary
cathode materials.

[0033] There is also disclosed a film-forming composition for deposition of a film
comprising a Si and Group V element-containing precursor having the formula:
{SiRa)amA(SkeHzav1 Im,
(SiRa)anpASiaHzar n(SisHope Jp OF
A{SiaHza+ 1) SipHzp1 )} SicHacr)

wherein

Ais a Group V element selected from P, As, Sb or Bi;

a=1io8 b=1t08 c=1i06, a=b=C

m=1103;

n=1to2,p=102 n+p=2103;

R is selected from a C1 to Cop, linear, branched or cyclic alkyl, alkenyi, alkyny! group;

10
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provided that if A = As, then As(SiHz): is excluded; if A = P, then P(SiHs)s,
P(SiHz)2(SiaHs), P{SiHa)(ShHs), P(SiaHs)a, and P(SiHa)(TMS) are excluded; and if A = Sb,
then Sb{SiHs)s is excluded. The disclosed film-forming composition includes one or more
of the following aspects:

« the Group V element-containing precursor being selected from  P{SiHs)s,
P({SIR:}{SiHa}z, P(SIR2)(SiHa), P(SIR:)(BizHs)z, P{SIR:)2(SkaHs), P(SizHs)s, P(SIR:)}SisH7 ),
P(SiR3)2(SiaHy), P(8izHy)a, As(SiHz)a, As(SIR:){SiHa), AS(SIR:)ASiH:), As(SiR:)(SizHs)s,
AsS(SIR3)(SiaHs), As{SizHs)s, As(SIRa)SizHr)e, AS(SIR:{SiH7), As(BisHrs, Sh{SiHs)s,
Sb{SiRa)(GiHa),  Sh{SIRs)z(SiHs),  Sb{GIR:}(SiaHs)2,  Sb{SIRs)a(BizHs),  Sh{SiaHs)s,
Sb{SIR:){(SisHy)2, Sh{SiRa)(SisHy), Sb(SiaHy)s, P(SIRa{GIH:){(SlaHs), PSIR:)}SiH)}SisHy),
P{SiHs){SizHs), P{SiHa)x(SisH7), P(SiHa)(SiaHs)e, P(SIHHSizHsHSiaHy), P{SIHs){SizH7)e,
P{SioHs)a{SisHy), P(SizHs)(BisHr)e,  As{SIR:}{SIH}SizHs), As{SiRa}(SiHa)(SisHy),
As(SiHa)(SiaHs), As(SiM)(SlaH7), As(SiHa){SizHs)z, AS(SiHz}{SiaHs)(SiaHy),
AS(BiHz)(SiaHr), As{SioHs)a(SiaHy7), AS(SioHz)SisH7)z, Sh{SIR2 ) SiHa}{SizHs),
Sh{SiIRaNSiH:)SisHy), So{&iHa)2{SizHs), Sb(GiHa)a(SisHy), Sb{SiHa)(SiaHs),
SH{SIHz){SiaHs}{Slaky), Sh(SiH:){SlsMyr)2, SH{SizMs)SisHy), or Sh{SiaHs)(SisHr)z;

e [ being selected from Me, Ef, nPr, iPr, By, nBy, iBu or sBy;

+ the Siand Group V element-containing precursor, when R = Me, being selected from
P(TMS)SiHs)e, PITMS)(SiHs), PTMSHSizHs):, P{TMS)](ShHs), P{TMS)(SisH7)z,
PTMSR(SisHy,  P{SiaH7:,  As{TMS)SiHal:,  As{(TMSR(SiHs:),  As{TMS)SiHs)s,
AS(TMS)(SizHs),  As{SixHs)s,  As{TMSHSisMHzz,  AS(TMS)(SikHr),  As(SisHz)s,
Sh{TMS)(SiHz)z, Sb{TMS)R(BiH:), Sb{TMS)}SiHs)z, Sb{TMS){SizHs), Sh(SixHs)a,
Sb{TMS)SisH7)2, SB{TMS)2(SisHy), Sb(SiaHr)s, PTMS)(SiH:)(SiHs), P(TMSHSiH)(SiaH),
P{SiH:(SiaHy), P(SIH:)SizHs)SisHy), P(SIH:)SisHy)z, P(SiaHs)z(SisHy), P{SizHs){(SisHy)e,
AS(TMSYSIH)SizHs),  As{(TMSYSIH)(SiHy),  As(SiHz(SkHs),  As{SiHz)2(SisHy),
As{SiHa)(SizMs)z, AS(SiH:){SiaHs){(SisHy), As{SiHz){(SiaHr)z, AS{SiaHs)2{SisHy),
AS{OizHs)(SiaMr )z,  SH{TMSHSiH:)(SizHs),  Sh{TMS)(SiH:}(SiaHy),  Sh{SiHs)(SizMs),
Sb(SiHz)2(SiaHy), Sb{SiHs)(BizHs)z, Sh{SIH}HSiaHs){SisHy), Sb{SiHa)(SisHy)z,
Sb(SizHs)(SiaHy), or Sh(SixHs)(SiaHr)z;

e & purity of the Si and Group V element-containing precursor being > 93%;

s g purity of the Si and Group V element-containing precursor being » 95%; and

s a purity of the Si and Group V element-containing pracursor being > 88%.

[8034] There is also disclosed a wet film-forming composition for spin coating of a film
comprising the disclosed Si and Group V elemeant-containing precursor from formula (), (1)

11
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or {Il1} that has at least 5 &i atoms. The disclosed wet film-forming compositions may include
one or more of the following aspects:

s the Siand Group V element-containing precursor from formuda (1), (1) or (1} having
the lowest volatility being selected {0 remain in the spun film during the annealing step and
decompose in sity;

» further comprising a co-reactant being a polysiiane or a mixiure of polysilanes having
5 or more than 5 silicon atoms;

s the polysilane being cyclopentasilane;

e the polysilane being cyclohexasilane,

s further comprising a solvent;

» the spun film is an amorphous or polycrystalline 5i film;

e the spun film being an amorphous and polycrystalline Si film;

= the spun film being an amorphous Si film; and

# the spun film being a polycrystalline Si il
[00358] There is also disclosed a method for forming a Group V elemeni-doped epitaxial
Sifilm on a substrate, the method comprising:

maintaining the substrate at a predetermined temperature at or near a deposition
temperature;

exposing the substrate 1o a mixture of a8 vapor of a film-forming composition that
contains a Si and Group V element-containing precurser and a vapor of a co-reactant
polysilane; and

depositing at least part of the Si and Group V slement-containing precursor onto the
substrate to form the Group V element-doped epitaxial Si film on the subsirale through a
CVD process,

wherein the Si and Group V element-containing precursor having the general
formula

{SiR3)a-mA(SiaHza41 )m,
(SiRa)anpASiaHzas O {SlsHoge Jp OF

A{SlaHza01)(SloHane }(SicHzos)
wherein

A s a Group V element selected from P, As, Sb or Bi;

az=1o6 b=1to8 c=1i08, a=b=cC

m=1103;

n=1fo2,p=1toZ n+p=2103;

12
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R is selected from a Cs 1o Cyo, linear, branched or cyclic alkyl, alkenyl, alkyny! group;
provided that if A = As, then As{SiHs)s is excluded; if A = P, then P(SiHs}s,
P{SiHs)2(SizHs), P(SiHs){(SizHs)z, P(SizHsls, and P{SiH:):(TMS) are excluded; and if A = Sb,
then Sb(SiHa)s is excluded. The disclosed methods may include one or more of the following
aspecis:
s the mixture inciuding a diluted gas selected from Ar, He, Nz, Hz or combinations
thereof;
e the co-reactant polysilane being a germane,
s the predeterminad temperature ranging from 200°C to 1000°C;
e the deposition temperature ranging from 200°C {o 1000°C; and
s the Group V element-doped epitaxial Si film being a P-doped epitaxial §i film, when
Alis P

Notation and Nomenciature
[0036] The following detailed description and claims ulllize a number of abbreviations,
symbols, and terms, which are generally well known in the arl, While definitions are typically
provided with the first instance of sach acronym, such as, stainiess steel (85). Certain
abbreviations, symbols, and terms are used throughout the following description and
claims, and include the followings.
(00371 The following detailed description and claims utilize a number of abbreviations,
symbols, and terms, which are generally well known in the art.
[0038] As used herein, the indefinite article "a” or “an” means one or more.
(00391 As used herein, “about” or “around” or “approximately” in the text or in a claim
means £10% of the value stated.
(80407 As used hersin, “room femperature” in the fext or in a claim means from
approximately 20°C to approximately 25°C.
{00411 As used herein, "atmospheric pressure” in the text or in a claim means
approximately 1 alm.
(00421 The term “substrate” refers to a8 material or materials on which a process is
conducted. The substrate may refer to a wafer having a maierial or materials on which a
procass is conducted. The substrates may be any suilable wafer used in semiconductor,
photovoltaic, flat pansl, or LCD-TFT device manufacturing. The subsiraie may also have
one or mors layers of differing materiais already deposited upon it from a previous
manufacturing step. For example, the wafers may include silicon layers {(g.q., crystalling,
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amorphous, porous, efc.), silicon containing layers {e.q., SIO;, SIiN, SiON, SICOH, ete),
metal containing layers (8.g., copper, coball, ruthenium, tungsten, platinum, palladium,
pickel, ruthenium, gold, stc.) or combinations thereof Furthermore, the substrate may be
planar or patterned. The substrate may be an organic patterned photoresist film. The
substrate may include layers of oxides which are used as dielectric materials in MEMS, 3D
NAND, MiM, DRAM, or FeRam device appiications (for example, Zr0, based materials,
HiC, based materials, TiO; based materials, rare earth oxide based materials, termary oxide
based materialg, efc.) or nitride-based films (for example, TaN, TiN, NbN) that are used as
electrodes. One of ordinary skill in the art will recognize that the terms “film” or “layer” used
herein refer o a thickness of some material iaid on or spread over a surface and that the
surface may be a trench or g line. Throughout the specification and claims, the wafer and
any associated layers thereon are referred to as substrates.

[8043] The term “wafer or "patlerned wafer” refers (o a wafer having a stack of films on
a substrate and at least the top-most film having topographic features that have been
craated in steps prior {0 the depaosition of the indium containing film.

[8044] The term “aspect ratio” refers 10 a ratio of the height of a trench (or aperiure) 1o the
widih of the trench {or the diameter of the aperture).

{00487 Note that herein, the terms “filmy” and “layer” may be used interchangeably. it is
understood that a film may correspond {o, or related to a layer, and that the layer may refer
o the film. Furthermore, one of ordinary skill in the art will recognize that the terms "film” or
“layer” used herein refer to a thickness of some material laid on or spread over a surface
and that the surface may range from as large as the entire wafer to as small as a trench or
aline.

{00487 Note that herein, the terms “aperture”, “via®, “hole” and “trench” may be used
interchangeably to refer {0 an opening formed in a semiconductor structure.

(80471 As used herein, the abbreviation "NAND" refers to a "Negative AND" or "Not AND"
gate; the abbreviation "20" refers to 2 dimensional gate structures on a planar substrate,
the abbreviation "3D" refers to 3 dimensional or vertical gate structures, wherein the gate
structures are stackad in the vertical direction.

{00487 Note that harein, the terms “deposition temperaturg” and “substrate temperature”
may be used interchangeably. It is understood that a substrate temperature may
correspond 1o, or be related to a deposition temperature, and that the deposition
temperature may refer to the substrate temperatura.

[0048] Note that herein, the terms “precursor” and “deposition compound” and “deposition

gas” may be used interchangeably when the precursor is in & gaseous state at room
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femperature and ambient pressure. it is undersiood that a precursor may correspond 1o, or
ke related to a deposition compound or deposition gas, and that the deposition compound
or deposition gas may refer to the precursor.

(80501 The standard abbreviations of the elements from the periodic table of elements are
usad hersin. It should be understood that elements may be referred to by thess abbreviation
{e.q., Si refers to silicon, N refers to nitrogen, O refers to oxygen, C refers to carbon, H
refers to hydrogen, Hal refers 1o halogens, which are F, Cl, Br, b

(80511 The unigue CAS registry numbers {i.e., "CAS”) assigned by the Chemical Absiract
Service are provided to identify the specific molecules disclosed.

[8052] As used herein, the term “hydrocarbon” refers {0 a saturaled or unsaturated
function group containing exclusively carbon and hydrogen atoms.

[00583] Please note that the silicon-containing films, such as SiN and SIQ, are listed
fhroughout the speacification and claims without reference o their proper stoichoimetry. The
silicon-containing films may include pure silicon (S layers, such as crystaliine S, polysilicon
{p-Si or polycrystalline SiY, or amorphous silicon; silicon nitride (SN layers,; or silicon oxide (Si0m)
layers; or mixtures thereof, wherein k, [, m, and n, inclusively range from 0.1 10 8. Freferably,
silicon nitride is SidN, where k and | each range from 0.5 to 1.5 More preferably silicon nitride is
SisNg. Hersin, SIN in the following description may be used {o represent SidN containing
layers. Preferably silicon oxide is SinOn, where n rangss from 0.5 to 1.5 and m ranges from
1.5 to 3.5. More preferably, silicon oxide is Si02. Herein, Si0 in the following description may
be used o represent 5i,0m containing lavers. The silicon-containing film could also be a
silicon oxide based dislectric material such as organic based or silicon oxide based low-k
dielectric materials such as the Biack Diamond H or [ material by Applied Materials, Inc. with a
forrmula of SIOCH. Silicon-containing film may also include SiOuN: where g, b, crange from 0110
8. The silicon-containing films may also include dopants from group I, 1V, V and Vi, such as
B, C, P, As and/or Ge.

[0084] Flease note that the films or layers deposited, such as silicon oxide or silicon
nitride, may be listed throughout the specification and claims without reference to their
proper stoichiometry (i.e., SIO, SIO2, SisNs). The layers may include pure (5i) layers, carbide
(ShCy) layers, nitride (SiNy) layers, oxide (SinOnm) layers, or mixtures thereof, wharein k, |,
m, i1, 0, and p inclusively range from 110 8. For instance, silicon oxide is 51,0, wherain n
ranges from 0.5 {0 1.5 and m ranges from 1.5 10 3.5, More preferably, the silicon oxide
layer is Si0 or Si02. The silicon oxide layer may be a silicon oxide based dielectric material,
such as organic based or silicon oxide based low-k dielectric materials such as the Black

Diamond I or Il material by Applied Materials, Inc. Alternatively, any referenced silicon-
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containing layer may be pure silicon.  Any silicon-containing layers may aiso include
dopants, such as B, C, P, As andfor Ge.

(00881  As used herein, the abbreviation “Me” refers {0 a methyl group; the abbreviation
“EY refers to an ethyl group; the abbreviation "Pr” refers {6 any propy! group (e, n-propyl
or isopropyl); the abbreviation “iPr” refers {0 an isopropy! group; the abbreviation "By’ refers
{0 any butyl group (n-butyl, isc-butyl, tert-butyl, sec-butyl), the abbreviation “1Bu refersto a
tert-butyl group; the abbreviation “sBu” refers {0 a sec-butyl group; the abbreviation “IBU
refers to an iso-butyl group; the abbreviation "Ph” refers to a phenyt group, the abbreviation
"Am” refers to any amy! group (iso-amyl, sec-amyl, tert-amyl); the abbreviation *Cy” refers
{0 a cydlic hydrocarbon group {cyciobutyl, cyclopentyl, cyclohexyl, efc.); the abbreviation
“Ar” refers to an aromatic hydrocarbon group (phenyi, xylyl, mesityl, etc.), TMS refers {o as
frimethylsilyl —~SiMes group.

[8058] Ranges may be expressed herein as from about one particular value, andior to
about another particular value. When such a range is expressed, itis to be understood that
another embodiment is from the one particular value and/or o the other particular value,
along with alf combinations within said range. Any and all ranges recited herein are inclusive
of their endpeints (i.e., x= 110 4 or x ranges from 1 to 4 includes x= 1, x=4, and x=any
raimber in between), irrespective of whether the term “inclusively” is used.

[0057] Reference herein to “one embodiment” or “an embodiment” means that a particular
feature, structure, or characteristic described in connection with the embodiment may be
included in at least one embodiment of the invention. The appearances of the phrase "in
one embodiment” in varicus places in the specification are not necessarily sl referring ©
the same embodiment, nor are separaie or alternative embodiments necessarily mutually
axclusive of other embodiments. The same applies to the term "implementation.”

[0058] As used in this application, the word "exemplary” is used herein 10 mean serving
as an example, instance, or iHusiration. Any aspect or design described herein as
“exemplary” is not necessarily 1o be construed as preferred or advantageous over other
aspects or designs. Rather, use of the word exemplary is intended {o present concepts in
a congrete fashion

{00887  Additionally, the term "or” is intended to mean an inclusive "or” rather than an
axclusive “or’. That is, unless specified otherwise, or clear from context, "X employs A or
B’ is intended to mean any of the natural inclusive permutations. That is, if X emplovs A, X
amploys B; or X employs both A and B, then "X employs A or B’ is satisfied under any of
the foregoing instances. In addition, the articles “a” and "an” as used in this application and

the appended claims should generally be construyed {o mean “one or more” unless specified
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otherwise or clear from context 1o be directed to a singular form.

Brief Description of the Drawings
[o0s0]  The foregoing and various other aspects, features, and advantages of the present
invention, as well as the invention itself, may be more fully appreciated with reference to
the following detailed description of the invention when considered in connection with the
following drawings. The drawings are presented for the purpose of dllustration only and are
not intended to be limiting of the invention, in which:
FIG. 1is GC Chromatogram of reaction mixture of P(TMS)s + 7 MCTS (monochiorotrisiiane,
L.e. SixHyCl) in hexanes at 88°C for 24 hrs (Example 2);
FIG. 2 is GC Chromatogram of reaction mixiure of P{TMS): + 3 MCS {monochiorosilane,
f.e. SiH:Cl) at 90°C for 44 hrs {Example 4);
FiG. 3 is GC Chromatogram of reaction mixiure of As(TMS)a + 8 MUTS at 60°C for 24 hrs
{Example &), and
FIG. 4 Is GC Chromatogram of reaction mixture of SH{TMS); + 10 MCS at 60°C for 24 hrs
{Example 8).

Description of Preferred Embodiments
[0081] Disclosed are Group V element-containing film-forming compositions comprising
Group V element-containing precursors that contain inorganic silyls and polysilyls, methods
of synthesizing them and methods of using them to deposit the Group V element-coniaining
films.
[0082] The disclosed Group V element-containing precursors have the general formula:
{S5iR3)a-mASIH2a+1 )m, {1y
{SiR3)3n-pA{SiaHzas1 In( SipHape )p (1)
Al{SiaHza0 ) SioHape {SicHoce1) (ih
wherein A is a Group V element selected from P, As, Sb or Bi;
az1to6 b=1tod c=1t06 axbxc
m=110 3
n=fw2,p=1t2 n+p=2103 and
R is selected from a Cs to Cyp, lingar, branched or cyclic alkyl, alkenyl, alkynyl
groug;
provided that if A = As, then As{SiHs): is excluded; if A = P, then P{SiHa),,
P(SiHa)(SiaHs), P{SIH:}{SiaHs)z, P(SiaHs)a, and P(SiH:){TMS) are excluded; and
if A = Sb, then Sb(SiHa)s is excluded.
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[0063] The disciosed Group V element-containing precursors contain a trisilyl group that
may either be -SIH(SH:), (Htrisilyl) or -SiH-SiH-SiHs (n-trisilyl).

[0084] Exemplary disclosed precursors include P{SiHs)s, P(SIR:)(SiHa)2, P(SiRs)2(SiHs),
P(SIR:)}{SiaHs)z, P(SiIR3)2(SizHs), P(SizHs)s, P(SiR:}SisHr), P(SiR:)(SiHy), P(SisH)s,
As(SiHsls, AS(SIR)(SiHs)y, AS(SIRa){SiHs), As(SIRa)(SiHs)z, AS(SIR:)2A(SiHs), As(SiHs)s,
AS(SIR3)(SizH7)2, As(SIRa)2(SisHr), As(SisHr)s, Sb(SiHs)s, Sb(SIR:)(SiHa)z, SH(SIRa)z(SiHs),
Sh(SiR){SizHs)e,  Sb(SiRs)2(SiaHs), Sb{SiHs), Sb(SIR:}BizHr)z,  Sh(SiRa)2(SisHy),
Sb(SiaHy)s, P(SIRs)(SIH:)(SizHs), P(SIR:)(SiH)SisHy), P(SiH)(SizHs), P(SiHs)(SisHy),
P{SiH:)SizHs)e, P{SIH)SiHsBiaHy), P{SIH){SiaHy)z, P{SiHs)(SisHy), P{SiaHs){(BiaHye,
AS(SIR:{SIH}{SiaMs),  AS(SIR)(SHH)(SIsHy),  As(SiMa(SkHs),  As(SiMa)(SisHy),
As{SiHa)(SizMs)z, AS(SiH:){SiaHs){SisHy), As{SiHz){(SiaHr)e, AS{SiaHs)2{SiaHy),
As(SizHs)(SiaHr)z,  SH{SIR:)(SiHaHSizHs),  SB{SIRHSIH:)(SiaHy),  Sb(SiHs)(SiHs),
Sb(BiHa)a(SiaHy), Sh{SiHs)(SizHs)z, SH{SIH:}{SiaHs)(SisHy), SH{SiH: }SisHy)a,
Sb(SizHs){SisHy), or Sb{SizHs)(SiaHy),, wherein R is selected from Me, Ef, nPr, iPr, By,
nBu, iBu or sBu.

[0085] Preferably, when R is a methyl group, -CHs, the disclosed Group V slement-
containing precursor is A(SlaHzae 1 )m{SH{CH2Y)2.m, OF A(SIH20:)m(TMS ). wherein a = 1 to
8 m= 1103, Alis a Group V element selectad from P, As, Sb or Bi; provided that if A = As,
then a > 1, A= P, then P(SiH:)(TMS) is excluded; and A = Sb, then Sb{SiHs}s is excluded.
When R = Me, exemplary disclosed precursors include P(SiHa)s, P{TMSYHSiH:)z,
P{TMS)a(SiHa), PTMSHSiaHs)s, P{TMS)2{SizHs}, P(SizHs)a, PTMS)(SizH7)2,
P{TMS){SiaHy), P(SisHr)s, , As(SiHa}s, As(TMS)(SiHa)z, AS{TMS)2(SiHs), As(TMS)HSizHs)e,
As{TMS)z(SizHz), As(SizHs)s, AS{TMSHSisHr)z, AS(TMS)2(SiaHy), As(SisHrls, , SH(SiHa),
SB{TMS}SiHa)a, SB{TMS)(SiHs), Sh(TMEXSizHs)2, Sb{TMS)(SizHs),  Sb(SiaHs)s,
Sh{TMS)(SisMyr)2, SB{TMS)(SiaMr), Sb(SisHy)a, P{TMSHSiHs)(SiaHs), P{TMSHSiH)(SisHy),
P{SiHa)2{ShbHs), P(SiH)(SiaHy), PSiH:)SizHs), PISIHYSiH)SisHy), PSiH)(SisHr):,

P{SizHs)(SiaHy),  P{SbHs}{ShHy), |, AS(TMSYSIH:)(SiHs),  AsS{TMSHSiH:)(BiaH7),
AS{SIHs)2(SizHs), AS(SiH2)2(SisH7}, AS(SiHz)(SizHs), AS{SiH:){ S SlaHy),
AS(SEHa)(SigH7}2, AS{SE;{Hs)Q(SigH?), AS(Sisz)(SisH'f}z, , Sb(TMS}(SiHa)(Sﬁsz),

Sh{TMS)SiHa}{SiaHy), Sb{SiHz)(SizHs), Sb(GiHz)2(SisH7}, Sh{SiHs)(BizHs)z,
Sh{SiH){SiHs){BizHy), SB{SIH)SisM: )., Sh(SixHa):{SisHy), Sh{SiH:{SizHy)..

[oo88] Preferably, when n = 2 to 3, the disclosed Group V element-containing precursor
is selected from the group consisting of A{SHsXSIRs}, ASLHSIR:), A{SIHs){SiRs),
Al{SisH7)2(8iRs), A(SiH:=)s, and A(SisHy)s, wherein A is a Group V element selected from P,
As, Sbor Bi; R is selected from a Cy 10 Gy, linear, branched or cyclic alkyl, alkenyl, alkynyl
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group;, provided that if A = P, then P(SiHe)a(SizHs), P(SiHs)(SiaHs),, P(SizHs)s, and
P(SiHs)(TMS) are excluded.
(00871 Preferably, when m = 3, the disclosed Group V element-containing precursor is
A{SiaHzae1 )z, wherein a= 110 6, A is a8 Group V element selected from P, As, Sbor Bi; R is
selected from a Cq to Cqg, linear, branched or cyclic alkyl, alkenyl, atkyny! group, provided
that if A= As, thenn > 1, if A= P, then P(SiaHs)s is excluded; and if A = 8Sb, then Sb(SiHz)s
is excluded,
[0068] The disclosed Group V slement-containing precursors may be P{SiHa)s,
P{TMS){SiHa)z, P{TMS)2(SiHa}, P{TMS}(SizHs)z, P{TMS)2(SiaHs), P(SizHs)s,
P{TMS)(SiatHr)z, P(TMS)(SisHy), P(Sisky)a, PTMS}SIHa)(SizHs), PTMSHSH: N SisHy),
P(SiHa)(SibHs), P(SiH(SisHy), P{SiH:)SiaHs), P(SiHa{SiH)(SisHy), P(SiHs)(SisHy)s,
P(SiaHs){SiatHy), or P{SixHs) S,
[0088] The disclosad synthesis methads for synthesizing the disclosed Group V element-
containing precursors shown in the formula (1) to (1) include a dehalosilylation (DXS) route
between a halosilyl or halopolysilyl compound (X-SinHzav) and a trisirialkylsiiyl) derivative
of A (A = As, P, Sb or Bi), A(BiRa)s, according o the general reaction:
A(SIRa): + m X-8isHoast — A(SlaMHzar1 )a{BiRs)m + m X-8iRs (V)
wheraina=11c8;

m= 110 3, preferably m = 3;

A= Asg, P, Sb, 8

X=Cl Br, |; and

R is selected from a C: 1o Cig, linear, branched or cyclic alkyl, alkenyl, alkynyl

group.

[0070] The disclosed synthesis methods comprise the steps of contacting A(SIRz); with
halo(poly)silane (X-SiaHza+1), optionally with an addition of a solvent, with a ratio of
halo(poly)silane to A(SiRs)s ranging from 1 to 100 equiv. to 100 to 1 equiv,, preferably from
110 20 equiv. 1o 2010 1 equiv., preferably halo{poly)silane is chioro{poly)silane. The solvent
is inert o both reactants, A{SiRs): and halo{poly)silane (X-SisHaas), selected from an alkane
or aromatic solveri, such as pentane, hexane, heptane, benzens, toluene, xylene, efc. or
a haloaikylsilane, or mixture thereof, and 0 - 99 wi% corresponding o the reactants or
starting materials, such as A{(SiRzs)s. The optimal ratic of halo(poly)silane to A(SiRs)s may
be optimized 1o reach the target precursor at the highest vield. Fora = 1 or 2 in reaction
(Vh), monochiorosilane (MCS, CISiH:) or monochlorodisitane (MCDS, CIGSiIH,SiH;) may be
added using a leak tight manifold, either neat or in a solvent, sither by direct liguid addition

or by condensation of neat vapors. The mixture of the reactants may then agitated for a
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period of time, typically 1 - 168 hrs, to form a reaction mixture. The products may then be
separated from the reaction mixture by stripping of the solvent andfor fractional distillation
or other suitable means known in the art. The isolated product may then be purified, Tor
instance by distillation, whether baich or continuous, {0 reach a desired purity of the product.
[0071] Here, a ratio of halo{poly)silane to A{SIRs): ranges from 1 : 8910 99 : 1, preferably,
from 12010 20 . 1, more preferably, from 1 10 {0 10 1, even more preferably, from 1 :
51t & 1. The reactions are maintained at a temperature ranging from -20°C to 150°C,
preferably, from rcom temperature to 100°C. The synthesis time spans from 1 10 168 hrs,
preferably from 12 to 96 hrs, more preferably from 24 1o 48 hrs, depending on the reaction
conditions, such as reaction temperaiure,
(80727 Allernatively, the disclosed synthesis method may be carried out stepwise, and
silyl groups of various sizes may he substituted sequentially like two-steps or three step
reactions.
(80731 The disclosed two-steps reactions with a halosilyl or halopolysilyl compound and
a tris(trialkylsilyh) derivative of A have the general reactions:
A(SIRg)a + 1 X-SlatHzasr1 — (BiIR3)2.0A(BlaHza+1 )0 + 1 X-GiR3 (V)
{SiR3)50A(SlaHzar1in + D X-{SigHonet) — A(BlaHoar1 Jaap{SipHape)p + p X-8iRa, (Vi)
whereina=11c8. b=1108;
n=tto2 p=ttoZ, n+p=2103;
A= Asg, P, Sb, 8

X=Cl Br, |; and
R is selected from a Cq 1o Gy, linear, branched or cyclic alkyl, alkenyl, alkynyl
group.

[8074] The disclosed ithree-steps reactions with a halosilvl or halopolysilyl and a
fris{trialkylsilyl) derivative of A have the general reactions:
A(SIR3)z + X-SlaHoart — (SiR3)2A(SiaH2a+1) + X-SiRa (vih
{SiRa)A(SlaHzaet} + X-SipHopsr — (SIRJA(SIaHza01 ) SloHape1) + X-SiRs (Vi)

(SIRDASIaHz2a51)(SigHane1) + X-SisHaer — A(Slabast {SioHane1)(SlsHace) + X-8iRs (IX)
wheregina=1t08 a~1t8 c=1108;

A= As P Bb, 8

X=Cl, Br, |, and

R is selacted from a Cs to Cyo, linsar, branched or cydlic alkyl, alkenyl, alkynyl

group.

[00758] Alternatively, the disclosed synthesis method may be carried out in a mixture orin

a one-pot, and silyl groups of various sizes may be substituted in the mixture with all starting
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materials mixed together.
(80781 The disclosed mixed reactions with a halosiiyl or halopolysilyt and a tris(trialkyisiiyl}
derivative of A have the general reaction:
A{SIRs)s + x X-SigHzasr + ¥ X-8SipHaper + 2 X-SigHzee1 —
A(SiaHzae ) SloHanr y{(SicHzor ) SIR S @y + (X + ¥ + 2) X-8iR3 (X)

whereina=11t0c8, b=1to6 c=1108

k=003, y=003,z=0103, x+y+z2=11{03;

A= As, P, 8b, Bi;

X=C_l Br, |, and

R is selacted from a Cs o Cyo, linear, branched or cyclic alkyl, alkenyl, alkynyl

group.

(80771  inone embodiment, the disciosed synthesis method for synthesizing the disclosed
Group V element-containing precursors shown in the formula (V) to (X) is a
dechlorosilviation (DCS) route between a chiorosilyl compound, Cl-SisMoaer, Cl-SinHapes
andfor Cl-SiaHzass, and a tris{trialkylsilyl) derivative of A (A = Ag, P, Sb or Bi), A(GiIRz)s (R is
selected from a Gy to Cyp, linear, branchead or cyclic alkyl, alkenyl, alkynyl group).
(80781 The disclosed synthesis reaction may be carried in a batch mode. In this cass,
A{SiRs)s may be added over halo(poly)silane {(e.q., chioro(poly)silane), or vice versa. The
addition of halo{poly)sitane over A(SiRa)s is preferable when only partial substitution of the
-SiRa groups on A is desired.
(00791 The disclosed synthesis reaction may be carried out in a continuous maode inwhich
a stream of each reactant is continuously fed and reacted. A continuous mixing system may
be used o help contact the reactants. The reaction may not lead to any solid by-products,
howaver, & fillration step may be added after the synthesis 10 remove potential solid
byproducts in case. The volatile side-product{s) of the reaction may be removed
continuously to drive the reaction forward towards completion or towards multi-step
conversions. This is a unique advantage of the disclosed synthesis methods, which have
fess to no solid byproduct(s) formed. It is understood that replacing chicro{poly)silane
reactant by a bromo(poly)silane does not significantly deviate. For availability reasons, the
chiorinated silanes are more convenient.
{00801 The disclosed synthesiz method has the following unigue advaniages.

s Readily available starting materials: existing synthesis methods use reactants, such
as KPH, and P(SniMea}s, which are not readily commercially available, or require
fresh preparation. in contrast, the disclosed synthesis methods use P(TMS)s,
AS(TMS)s, or Sb{TM3); as starting materials, which are commercially available in
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high purity at bulk.

s Chlorosilanes are glso much more available than their Br counterparts. SiH.Cl (MCS)
is available as a commercial product. For example, SizHsCl (MCDS) and SisH,Cl
(MCTS) may be synthesized according to Cradock et al. {(J. Chem. Soc. Dalton
Trans., 1975, 1624 — 1628).

« The disclosed synthesis method may be a one-step synthesis if introducing only one
type of polysilyl groups. Existing synthesis methods are mostly muilti-step reactions,
which are mono or di-silyl phosphine, arsineg, etc., such as SiHPH,, SiH:PH,, and
LIAIH[P(SiHa):], need to be prepared in the first step(s) followed by isolation. In
conirast, the disclosed synthesis method is g one-step and one reactor process, and
does not nacessarily require isolation of hyproducts during the synthesis.

¢ The disclosed synthesis method has mild reaction conditions. Due to the instability
of the starting materials, existing synthesis methods mostly require the reactions fo
be carried out under low temperaturas with proper control of reactant addition rate
and/or mixture thaw rate. In contrast, the disclosed synthesis method carries out at
ambient to slightly elevated temperatures, such as a temperature raging from room
temperature to 100°C.

¢ The disciosed synthesis method has less side reactions and a high yieid. The
disclosed DHS route provides a relatively high yield as a result of less side reactions,
which facilitates with isolation and purification processes afterwards.

= The disclosed synthesis method has littie 0 no sall formation, which is known to
facilitate decomposition of similar molecules, such as its N-based anaiogs with
trisitylamine {TSA} backbone.

[0081] The disclosed Group V element containing film-forming precursors synthesized by
the disclosed synthesis method may be used for vapor phase depaositions of Si-containing
films having Group V element dopants in silicon through CVD, PECVD, ALD, PEALD,
flowable CVD, HW-CVD, Epitaxy, or the like.

f0082] P and As compounds, notably their inorganic derivatives, such as As(Sidy)s,
P{Sid,)s, wherein the x and y may be the same or different on each silyl moiety and y = 2x
+1, may conveniently be used as dopants in silicon. In some applications, there is g strong
nead for doping beyond the solubility limit of the dopants in silicon, for instance 10 reduce
contact resistance in semiconductor devices. As polysilanes and trisilanes are capable of
depositing silicon (e.g., amorphous or crysialline silicon) at a faster rate than silane at a

temperature lower than approximately 450°C. The disclosed Group V element-containing
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pracursors having polysiivl igands instead of silyl figands would also lsad to deposition at
lower temperature and facilitate the inclusion of the dopants.

[0083] The disclosed Group V element containing precursors are provided in a high purity
vessel typically made of stainless steel, carbon steel, or of aluminium, which has previously
been dried down to < 100 ppb H20 residual and which optionally may be passivated to limit
decomposition of the precursor therein over time. The passivation process generally
involvas the exposure of the high purity vessel to a silviating agent, which in this case may
ke the target precursor itself, or a silane or a polysilans.

[0084] The disclosed Group V element-containing precursors have preferably a purity
greater than 80% wiw (Le., 83.0% wiw {0 100.0% wiw), preferably greater than 95% wiw
{i.e., 98,0% wiw to 100,0% whiw), and more preferably greater than 898% wiw (ie., 89.0%
wiw o approximately 898.898% wiw or 99.0% wiw 1o 100,0% wiw), with metal impurities in
the ppb range and O-containing impurities in the ppm to sub ppm range, consistently with
other molecules used for similar applications. The total quantity of impurities is preferably
below 5% wiw (i.e., 0.0% wiw 10 5.0% wiw), preferably below 2% wiw {i.e., 0.0% wiw {0
2.0% wiw), and more preferably below 1% whiw {i.e., 0.0% wiw to 1.0% wiw). The disclosed
Group V element-containing precursors may be purified by recrystallization, sublimation,
distiliation, andfor passing the gas liquid through a suitable adsorbent, such as a molecular
sieves.

[0088] The disclosed Group V element-containing precursors may be supplied either in
neat form or in a blend with a suitable sclvent, such as ethy! benzene, xylene, mesilylene,
decalin, decane, dodecane, or in a polysilane or a halcalkyisiiane. The disclosed pracursors
may be present in varying concenirations in the solvent.

[0088] The vapors of the disclosed Group V element confaining precursors may be
delivered neat in the absence of g carrier gas into a process chamber when the vapor
pressure of the precursor at a vessel tempsrature ranging from 0°C to approximately 150°C
is fypically > 50 torr, preferably > 300 forr.

f0087] For the disclosed Group V element-containing precursors that have low vapor
pressures, the vapors of the disclosed Group V element-containing precursors are fed to
the process chamber with a carrier gas in either a bubbler, a vapor draw or g dirsct liquid
injection system. The carrier gas may include, but is not limited to, Ar, He, Np, Hy or a
combination thereof. Bubbling with a carrier gas may also remove any dissolved oxygen
present in the precursors. The carrier gas and the precursor are then introduced into the
processing chamber as a vapor. The process chamber is usually held at a pressure below
atmospheric pressure, preferably ranging from 0.01 {0 500 torr, and more preferably ranging
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from 1 o 100 tor.

[0088] If necessary, a container cortaining the disclosed Group V slement-containing
precursors may be heated or chilled {0 a temperature that parmits the precursors {o have 8
sufficient and adequate vapor pressure. The container may be maintained at temperatures
in the range of, for example, approximately 0°C to approximately 200°C. Those skilled in
the art recognize that the temperature of the container may be adjusted in a known manner
o control the amount of precursor vaporized.

[0088] The processing chamber may be any enclosure chambers within a device in which
deposition methods take place such as without limitation, a parallel-plate type reactor, a
cold-wall type reactor, a hotwall type reactor, a single-wafer reactor, a multi-wafer reactor,
other types of deposition systems under conditions suitable to cause the precursors to react
and form deposited films. One of ordinary skill in the art will recognize that any of these
processing chambers may be usead for either ALD or CVD deposition processes.

[0090] The procassing chamber contains one more substrates onto which the films will
ke deposited. A substrate is generally defined as the material on which a process is
conducted. The substrates may be any suilable substrate used in semiconductor,
photovoltaic, fiat pansl, LCD-TFT device manufacturing. Examplaes of suitable subsirates
include wafers, such as silicon, silica, glass, GaAs wafers. The wafer may have one more
layers of differing materials deposited on it from a previous manufacturing step. For
example, the wafers may include a diglectric layer or 3D NAND stacks. Furthermore, the
wafers may include silicon layers (crystalline, amorphous, porous, etc.), silicon oxide layers,
silicon nitride layers, silicon oxy nitride layers, carbon doped silicon oxide {GiCOH) layers,
metal, metal oxide metal nitride lavers (Ti, Ru, Ta, etc), and combinations thereof
Additionally, the wafers may include copper lavers noble metal layers (for example,
platinum, paliadium, rhodium, gold). The wafers may include barrier layers, such as
manganese, manganease oxide, etc. Plastic layers may also be used. The layers may be
planar or patterned. The disclosed vapor deposition processes may deposit the laver
directly on the wafer or directly on one or more ayers on top of the wafer when patierned
layers are formed on the substrate. The patterned iayers may be alternating layers of two
specific layers such as SiO and SiN used in 30 NAND.

[0091] The substrate final application is not limited to the present invention, but this
technology may find particular benefits for the following types of subsirates: silicon wafers,
glass wafers and paneis, beads, powders and nanc-powders, monolithic porous media,
printed circuit board, plastic shesets, eic. Exemplary powder substrates include a powder

used in rechargeable battery technology. A non-limiting number of powder materials include
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NMC (Lithium Nickal Manganese Cobalt Oxide), LCO (Lithium Cobalt Oxide), LFP (Lithium
iron Phosphate), and other battery cathode materials.

[0092] The temperature and the pressure within the processing chamber are held at
conditions suitable for vapor depositions, such as ALD and CVD. in other words, after
introduction of the vaporized disclosed Group V slement-containing into the chamber,
conditions within the chamber are such that at least part of the precursor is deposited onto
the substrate to form a layer. For instance, the pressure in the reacior or the deposition
pressure may be held between about 10 torr and about 500 torr, preferably between about
1072 torr and 500 torr, more preferably between about 1 torr and 100 torr, as required per
the deposition parameters. Likewise, the temperature in the reactor or the deposition
femperature may be held between room femperature and about 1000°C, preferably
betwaen 200°C and 800°C. One of ordinary skill in the art will recognize that "af least part
of the precursor is deposited” means that some gl of the precursor reacts with adheres to
the subsirate.

[0093] The temperature to achieve optimal film growth may be controlled by either
controiling the temperature of the substrate holder. Devices used {o heat the substrate are
known in the art. The subsirate is healed to a sufficient temperature to obtain the desired
film at a sufficient growih rate and with desired physical state and composition. A non-
limiting exemplary temperature range to which the substrate may be heated includes from
approximately 200°C to approximately 800°C. When a plasma deposition process is utilized,
the deposition temperature is preferably less than 500°C. Alternatively, when a thermal
procass is performed, the deposition temperature may range from 200°C to approximately
800°C.

[0094] Alternatively, the substrate may be heated (o a sufficient temperature 1o obtain the
desired deposited film at a sufficient growth rate and with desired physical state and
compasition. The substrate(s) temperature may be maintained at 3 temperature ranging
from approximately 200°C to 1000°C, preferably between 200°C and 800°C, and more
preferably between 250 and 600°C.

[0085] More specifically, in addition to the disclosed Group V element-containing
precursors, ofher precursors or co-reactants may also be infroduced into the processing
chamber, such as, but are not limited 1o Hy, silanes, polysilanes (Siz 1o Sig, linear, branched
or cyclic for Sis and Sig), alkylsitanes such as monomethyisilane, halosiianes {CL-SiHa,
ClaSiHz, 1-8iH., CliBiH SiCls ete.) and polyhalopaolysilanes (5LCH, SiHCEs, ClSixHs, ete),
germane, chiorogermanes, digermane, polygermanes, halogermanes, phosphines,
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boranes such as ByHs, diboranes, halide containing gases (HCH Cl, HBr, etc. ), N-containing
gases (NHs, Ny, NofHz, and NHs, Nz and NHz, NHs and NoHa, NO, N2O, amines, trisilylamine,
silazanes, etc., or combinations thereof); G-containing gases (02, Os, Ha0O, HaOs, NO, N0,
NGOz, Cradicals, alcohol, silancls, aminoalcohiols, carboxylic acids, para-formaldehyde, etc.,
and combinations thereof).

f0096] Furthermore, a dilution gas may be added to the process, and is selected from Ar,
He, N, Mz or combinations thereof.

[0097] Furthermore, the co-reactants may be treated by a plasma, in order {0 decompose
the precursor or reactant into its radical form, at least one of Hz, N2 and O or an inert gas
{He, Ar, Kr, X&) may be ulilized depending on the targat film composition, when treated with
plasma. The plasma source may be a N plasma, Nx/He plasma, Ny/Ar plasma, NH; piasma,
NHs/He plasma, NH/AR plasma, He plasma, Ar plasma, H: plasma, Hx/He plasma,
Hi/organic amine plasma, and mixtures thereof. For instance, the plasma may be generated
with a power ranging from about 10 W to about 1000 W, preferably from about 50 W lo
about 500 W. The plasma may be generated present within the reactor itself. Alternatively,
the plasma may generally be at a location removed from the reactor, for instance, in a
remotely located plasma sysiem. One of skill in the art will recognize methods and
apparatus suitable for such plasma freatment,

[0088] For example, the co-reactants may be infroduced into a direct plasma reactor,
which generates plasma in the reaction chamber, {0 produce the plasma-treatad reactant
in the processing chamber. Exemplary direct plasma reactors include the Titan™ PECVD
System produced by Trion Technologies. The co-reactants may be introduced and held in
the processing chamber prior to plasma proceassing. Alternatively, the plasma processing
may oceur simultanecusly with the introduction of the precursor or reactant. In-situ plasma
is typicaily a 13.56 MHz RF inductively coupled plasma that is generated between the
showerhead and the substrate holder. The substrate and the showerhead may be the
powered electrode depending on whather positive ion impact occurs. Typical applied
powars in in-situ plasma generators are from approximately 30 W o approximately 1000
W. Preferably, powers from approximately 30 W o approximately 800 W are used in the
disclosed methods. More preferably, the powers range from approximately 100 W fo
approximately 500 W, The disassociation of the co-reactanis using in-situ plasma is
typically less than achieved using a remote plasma source for the same power input and is
therefore not as efficient in reactant disscciation as a remote plasma system, which may be
beneficial for the deposition of films on subsirates easily damaged by plasma,

[0099] Alternatively, the plasma-treated co-reactants may be produced outside of the
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processing chamber, for example, a remote plasma i ifreat the co-reactanis prior to
passage into the processing chamber.

(01007 The vapor deposition process may be selective to certain surfaces or non-selective.
(01611 The vapor deposition process may be thermally driven, or enhanced by plasma
activation, light activation, microwave activation, or other suitable means {o activate the
molecule and the growth process.

(01062 The disclosed Group V element-containing film-forming compositions may be used
o deposit films using any deposition methods known o those of skill in the art. Examples
of suitable vapor deposition methods include CVD and ALD. Exempiary CVD methods
include thermal CVD, plasma enhanced CVD (PECVD), pulsed CVD (PCVD), low pressure
CVD (LPCVD), sub-atmospheric CVE (SACVD) atmospheric pressure CVD (APCYD), hot-
wire CVD (HWCVD, also known as cat-CVD, in which a hol wire serves as an energy source
for the deposition process), radicals incorporated CVD, and combinations thereof
Exemplary ALD methods include thermal ALD, plasma enhanced ALD {PEALD), spatial
ALD, hot-wireg ALD (HWALD), radicals incorporated ALD, and combinations thereof. The
deposition method is preferably a hot wall or cold wall thermal CVD capable of depositing
epitaxdal films or amorphous films containing Si and the dopant slement of the claimed
compound, and optionally Ge and/or other co-dopants.

(01031 In ALD processes, ALD conditions within the chamber allow the disclosed Group
V element-containing film-forming composition adsorbed or chemisorbed on the substrate
surface {o react and form a film on the substrate. In some embodiments, Applicants believe
that plasma-treating co-reactant may provide the co-regctant with the energy needed to
react with the disclosed Group V element-containing film-forming compaosition (FEALD).
The co-reactant may be treated with plasma prior subsequent 1o introduction into the
chamber.

[0104] The Group V element-containing precursors and co-reactants may be introduced
into the reactor sequentially (ALD). The processing chamber may be purged with an inert
gas between the introduction of each of the Group V glement-containing precursors, any
additional precursors, and the co-reactants. Another example is 1o introduce the co-reactant
continuously and to infroduce the Group V element-containing precursors by pulse, while
activating the co-reactant sequentially with a plasma, provided that the Group V element-
containing precursors and the non-activated co-reactant do not substantially react at the
chamber temperature and pressure conditions (CW PEALD).

[0108] Each puise of the disclosed Group V elemeant-containing precursors may last for a

fime period ranging from about 0,01 seconds 1o about 120 seconds, alternatively from about
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1 seconds to about 80 seconds, alternatively from about 5 seconds to about 30 seconds.
The co-reactant may aiso be pulsaed into the reacior, In such embodiments, the pulse of
each may last for a time period ranging from about 0,01 seconds to about 120 seconds,
alternatively from about 1 seconds to about 30 seconds, alternatively from about 2 seconds
io about 20 seconds. In ancther alternative, the vaporized Group V element-containing
precursors and co-reactanis may be simultanecusly sprayed from different sectors of a
showerhead without mixing under which a susceptor holding several wafers is spun (spatial
ALD).

[0106] Depending on the particular process parameters, deposition may take place for a
varying length of time. Generally, deposition may be allowed to continue as long as desired
necessary to produce a film with the necessary properties. Typical film thicknesses may
vary from several angstroms to several hundreds of microns, and typically from 2 to 100
nm, depending on the specific deposition process. The deposition process may also be
performed as many times as necessary 1o obtain the desired film.

(01071 The disclosed Group V element-containing precursors and co-reactants may be
introduced into the reactor either simultansousty (CVD), sequentially (ALD) or different
combinations thereof. The reactor may be purged with an inert gas (for example, Nz, Ar, Kr,
Xe) betwsen the introduction of the Group V element-containing precursors and the
introduction of the co-reactant. Alternatively, the co-reactant and the Group V slement-
containing precursors may be mixed together to form a co-reactant/compound mixture, and
then introduced to the reactor in a mibdture form (CVD, thermal CVD or Epitaxy). Another
example s {o introduce the co-reactant continuously and to introduce the disclosed Group
V element-containing precursors by pulse (pulsed CVD).

[0108] The desired film thickness may range from a molecular monolayer to 10 um,
preferably between 1 nm and 500 nm.

[01081 Depending on the co-regctants, the deposition process may contain other
alements than those present in the claimed precursors, such as Ge, Ga, C, B, 8n, AL N, O,
&, Se, Te, In, Zn, Cd, Hg.

[0110] The deposited film using the disclosed deposition methods may be p-doped Si and
Group V element-containing film.

(01111 The deposited film using the disclosed deposition methods may be Group V
element doped silicon fayer, such as P doped silicon layer.

(0112} The disclosed Group V element-containing film-forming compositions may be used
for liquid phase film deposition of Si containing films, including but not limited to spin coating,

dip coating or spray coating. In this case, a formulation containing the disclosed compound
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is coated on a substrate, which is subsequently annealed 10 yield a thin film.

[0113] The disclosed Group V element-containing film-forming compositions are
particularly useful as doping ingredients for formulations aiming at making amorphous and
poiycrystalline Si films. Such formulations typically comprise a large polysilane or mixture
of polysilanes having > or = § silicon atoms {cyclopeniasilane, cyclohexasilang, efc ) and a
solvent. After coating of the substrate with the formulation, the films are treated to vield a
silicon film. For such spin coating applications, the selected precursors should have the
fowest volatility to remain in the spun film during the annegaling step and decompose in situ.
Precursors of the family having at least 5 Si atoms are typically suitable for such applications.
[0114] The treatment typically includes heating (200 to 1000°C) or/and light/UV exposure.
In such formulations, the disclosed Group V element-containing compounds may be added
at a ratio of 0.01% to 80% {by weight) 1o vield a doped silicon fiim.

Formulations containing the disclosed Group V element-containing precursors may also be
used o make doped silicon oxide films by any of the aforementioned wet coating method
by using an oxidative curing after the coating of the surface. Typical oxidative curing uses
at least one of HO (vapor), Os, s, HaOn and plasma thereof (and aptionally an inert gas),
at a temperature ranging from room temperature to 1000°C. Preferably, the curing includes
a 2-step process: a soft bake at a temperature ranging from room temperature o 250°C,
and a hardbake a temperature ranging from 250°C to 1000°C. The hardbake step may be
carried with or without an oxidizing gas. For these wet coating applications, it is
advantageous to use a fully inorganic and low voiatility precursor, preferably selected from
AlSiHue1)s, wherein xis 2 ormore and A= As or P

Examples
(01181 The following nondimiting examples are provided to further iliustrate embodiments
of the inveniion. However, the examples are not intended o be all-inclusive and are not
intended {o limit the scope of the inventions described herein.

Example 1. Synthesis of (TMS)2P(SisHy)

[0116] In a 20 mbL vial, 3 g Cl-8isH; MCTS was added under magnetic stirring, into a
solution of 11 g of P(TMS): 10 wi% in hexanes. The reaction mixture was stirred under an
inert atmosphere at RT for § days, during which all P(TMS)s was converted into a majority
of P{TMS)2(SisHy) at 88% yield.
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Example 2. Synthesis & characterization of P(SizH7)a

[O117] 25 g P{(TMS); was dissolved in 200 g anhydrous hexanes in a 500 mL flask under
inert atmosphere, followed by addition of 75 g monochlorotrisilane MCTS slowly with
magnetic stirring. The reaction mixture was refluxad at 88°C for 24 hrs, during which all
P{TMS): was converted into P{SisHy)s at 93% yield. FIG. 1 is GO Chromatogram of reaction
mixture of P(TMS)a + 7 MOTS in hexanes at 68°C for 24 hrs.

Exampie 3. Synthasis of (TMS)P(SiHs)

[0118] S5gof P(TMS): 10 wi% in hexanes was charged into a 80 mL stainless sleel vessel
2.6 g monochlorosilane MCS was cryctrapped into the vessel The reaction mixture was
thawed and shaked at 150 rpm in the sealed vessel at 75°C for 24 hrs, during which all
P{TMS); was convertad into a majority of P{TMS)SiH: ), at 59% vield.

Exampie 4. Synthesis of P(SiHs);

(01191 586 g of P(TMS): was charged into a 80 mi stainless steel vessel. 89 g
monochiorosilane MCS was cryotrapped into the vessel. The reaction mixiure was thawed
and shakead at 150 rpm in the sealed vessel at 90°C for 48 hrs, during which all P(TMS):
was converted into a majority of P(BiHz)s at 85% vield.

(01207 235 g of P(TMS): was charged into a leak tight 800 mbL Parr reactor. 183 g
monochiorosiiane MCS was cryotrapped into the vessel. The reaction mixture was thawed
and vigously stirred at 400 rpm at 90°C for 44 hrs, during which all P{TM3); was converted
into a majority of P{SiHa)s at 92% yield. FIG. 2 is GC Chromatogram of reaction mixiure of
P{TMS); + 3 MCS at 90°C for 44 hrs.

Exampie 8. Synthesis of As{SizHy)s

[0121] Heating at 90°C and shaking at 150 rpm for 48 hrs of the mixture of 2 g of As(TMS)z
and 7.5 g MCTS in a 80 mL stainless steel vessel leads to exclusively As(SisHy)s at 75%
yield. FIG, 3 is GC Chromatogram of reaction mixiure (in Example &) of As{(TMS): + 6 MCTS
at 80°C for 24 hrs,

Example 8. Synthesis of As{SiH;)(TMS)
[0122] 4.5 g of As{TMS): was charged into a 60 mlL stainless steel vessel 85 g
monochiorosilane MCS was cryotrapped into the vessel The reaction mixiure was thawed

and shaked at 150 rpm in the sealed vessel at 90°C for 24 hrs, during which a majority of
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As{SiH:)}(TMS), was obtained at 52% yield.

Example 7. Synthesis of Sb{SisH7){(TMS):
(041231 Sh{SiHHTMS): may be synthesized at 72% yield by reacting 2 g SB{TMS): and
MCTS 7 g at RT. under vigously magnetic stirring for one day. Hesting at elevated

temperatures (e.g. 50°C or 90°C) will lead to decomposition.

Exampie 8. Synthesis of SH(SiH}(TMS):
[0124] 2.8 g of Sb{TMS): was charged inio a 60 mb stainiess stes! vessel @ g
maonochlorosilane MCS was cryotrapped into the vessel The reaction mixture was thawed
and shaked at 180 rpm in the sealed vessel at 80°C for 24 hrs, during which a majority of
Sh{SiH){TMS), was obtainad at 23% yiald. FIG. 4 is GU Chromatogram of reaction mixiure
of Sb{TMS): + 10 MCS at 80°C for 24 hrs.

Example 8 Synthesis of P{SLHa)k

[0125] 5gof P(TMS) 10 wit in hexanes was chargad into a 80 ml stainless steel vessel
2.2 g monochioradisilane MCDE was added into the vessel The reaction mixlure was
shaked al 150 rpm in the sealed vassel al 80°C for 24 hrs, during which P{BixHa)s formed

at 22% yiald

Exampie 10. Isolation of P(SiH:)s

[0126] 380 g synthesis mixture, which contains a product profile as 26% P{SiHz)s in TMS-
Ci solution, was added into a 500 mb round bottomn flask ingide a glovebox. Standard
fractional distillation was then carried oul. After volatiles were removed at 55 - 70°C, the
main cut is collected under ambient pressure, whose vapor phase temperature is in the
range of 115 - 125°C, 75 g P(SiHa)z at 98% purity is obtained, which represents a 76%
overall yield. Further distillation or distillation with a higher separation efficiency is expected

o achieve g preferably > 98% for indusirial applications.

Prophetic Example 1. Synthesis of P(SiHa{ShkMHy)

(01277 10 g of PTMSNSIH): {8.q., synthesized by Example 3) 30 wi%h in TMS-CI was
charged inte a 80 mi siainiess steel vessal 2.0 ¢ MCTS was added inio the vessel. The
reaction mbdure was shaked at 1580 rpm in the sealed vessel &t 75°C for 24 hrs, during

which P{SiH(8kHy) formed as the major product,
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Prophetic Example 2 Synthesis of P{SIH){ShHs)

[0128] 118 g of PTMS): was charged into a leak tght 800 mb Farr resctor. 31 g
monochiorosiiang MCS was oryotrapped inte the vessel The reaction mixdure was thawed
and vigously stirred at 400 rpm &t 75°0 for 24 hrs, during which all P{TMS): was convertad
into a majority of P{SIHTMS)

[0129] 10 ¢ of P{SIH){TMS) ~25 wibe In TMS-Cl was charged info a 80 mbL stainless
steel vessel 2.4 g MCDS was added inio the vessel The resction mixture was shaked at
160 rpm in the sealed vesssl at 8070 for 40 hrg, during which F{SIH:{SizHsk: formed as the

majar product.

Prophetic Example 3. CVD of P doped Si layer using precursor P{SisHyr)s

(01301 P doped Si layer is attempted 10 be deposited on Si(100) subsirates. P{SiaHy):
vapor was introduced inte a deposition reactor (heated fo ~500°C) at a flow rate of 10 scom
and approximataly a pressure of about 1-20 torr for 10-20 minutes, during which a thickness
of 500-1500 A polyerystalline P dopad silicon film is obtained. SEM images may be acquired
of the resulling P doped silicon film. An energy dispersive analysis of X-rays (EDAX)
detector may be used 1o acquire elemental analysis. AFM, XRD and ellipsometric
measurements of the resulting P doped silicon films deposited on SH{100) surfaces may be
performed. Other various chars

T
[Nl N i

Prophetic Example 4. Thermal CVD of high quality P doped Si layers on a Si{(100) wafer
using precursor P(SiHa):(SisHy)

[0131] Pre-efchad Si{100) substrate by dilute HF acid, and properly conditioned (rinse
and dried), is lcaded into a deposition chamber, followed by g Hz baking at 800-1000°C
under a flow of 50-120 sim. The substrate and the chamber is then equilibriumed at 400-
B00°C at 20-50 torr back pressure. Pure Ha gas is then bubbled through the liquid precursor
P(SiH:){SisHy) to deliver a vapor of P(SiH:){SisH7)He mixture into the reactor chamber at
a flow rate of 50-150 scem for 1-56 minutas. A highly crystaliine, P-doped epitapdal Si film &t
the thickness of approximately 30-150 A is deposited on the Si(100) wafer. Hydrogen
residue may be confirmed as no presence by RBS.
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Prophetic Example 5§ Thermal CVD of P doped Si film on a Si(100) wafer using precursor
P(SiHa){SizH7)s with high throughput

[0132] Pre-efched Si(100) substrate by dilute HF acid, and properly conditioned (rinse
and dried), is loaded into a deposition chamber, followed by a H; baking at 800-1000°C
under a flow of 50-120 slm. The substrate and the chamber is then equilibriumed at
approximately 5580°C at 50 iorr back pressure. Pure Hz gas is then bubbled through the
liquid precursor P(SiH:){(SiaHr ) equilibriumed at approximately 75°C, and through trisilane
at room temperature into a mixing chamber at ~100°C, followed by introducing the vapor of
P{SiHa )} BiaHn/SisHe/H2 midure into the reactor chamber at a flow rate of approximately
100 scom for 3 minutes. A highly crystalline, P-doped epitaxial Si film at the thickness of
approximately 200 A is deposited on the Si(100) wafer.

(01331 Although the subject matter described herein may be described in the context of
fiustrative  implementations o process one of more compuling  application
features/operations for a compuiing application having user-interactive components the
subject matter is not limited to these particular embodiments. Rather, the technigques
described herein may be applied to any suitable type of user-interactive component
axecution management meathods, systems, platforms, and/or apparatus.

(01341 it will be understood that many additional changes in the details, materials, steps,
and arrangement of parts, which have been herein described and Hlustrated in order to
axplain the nature of the invention, may be made by those skilied in the art within the
principie and scope of the invention as expressed in the appended claims. Thus, the present
invention is not intended to be limited to the specific embodiments in the examples given
above and/or the altached drawings.

[0138] While embodiments of this invention have been shown and described,
modifications thereof may he made by one skilled in the art without departing from the spirit
or teaching of this invention. The embodiments described herain are exemplary only and
not limiting. Many varigtions and modifications of the composition and method are possible
and within the scope of the invention. Accordingly, the scope of protection is not limited to
ihe embodiments described herein, but is only limited by the claims which follow, the scope
of which shall include all equivalents of the subiect matter of the claims.
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What is claimed is:

1. A method for forming a 51 and Group V element-containing film on a substrate, the
method comprising

exposing the substrate to a vapor of a film-forming composition that contains a §i
and Group V element-containing precursor; and

depositing at least part of the Si and Group V slement-containing precursor onto the
substrate to form the Si and Group V slement-containing film on the subsirate through a
vapor daposition method,

wherein the Si and Group V element-containing precursor having the general
formula

(SiR2)3-mA{SiaHzav1)m,

{SiR3)3.n-pA{SiaH2a+1 In( SioHape )p OF

A{SlaHza01){(SloHane1 }(SicHzoe)
wherein

Ais a Group V element selected from P, As, Sb or Bi;

az=1io6 b=1to8 c=1i068, a=b=cC

m=1103;

n=1t02,p=1to2 n+p=2103;

R iz selected from a . to Cyp, linear, branched or cyclic alkyl, alkenyl, alkyny! group;

provided that if A = As, then As(SiH:): is excluded; if A = P, then P(SiH:)s,
P{SiH:(SiHs), P{SiH:){BiaHs)z, P(SiHs)a, and P{SiH:)(TMS) are excluded; and if A = 8b,
then Sb(SiHa) is excluded.

2 The method of claim 1, wherein the Group V ealement-containing precursor is
selected from P(SiHa)s, P(SIR3)SiHs), P(SIR:(SiH:), P(SIRa}(SixHa)z, P(SiRs)(SiHs),
P(SizHs)s, P({SIR:¥SBiH7)2, P(SIR)2SEHy),  P(SisHrls,  As(SiMa)s,  AS(BIR){SiHz):,
As(SiRap{SiH3),  AsS(SiR)(SizHs)s,  AsS(BiRa)aBiHs),  As(SiaHs)s,  As(SiRs)(SisHr)z,
As{SIRz)2(SisHy), As{SizH7)a, Sh(SiHz)s, SH(SiRa)}(SiHa)2, Sb(SiRa)2(8iMs), SH{SiR:){SiaMs)2,
Sb(SiRa)(SizHs), Sh{SiaHs)s,  Sb(BIR3)(SiaHr),  SBSIR:(SisHy),  ShSisHs,
P(SIR3}8iH:}{SizHs), P(SIR3}SiHa)(BisH7), P{&iHz)2(GizHs), P(SiHs){SiaH,
PSIH)SizHs)e, PSIH)SH S, P(SIHSisH)2, P{SLH)R(SiaHy), PSLH:)(SisH):,
AS(SIRMSIH:SiaMs),  AS(SIR)(SIH)(SisHy),  As(SiH:(SieHs),  As(SiHz)(SisHy),
As(SiHa}(SizHs)z, AS{SiH){ShHs){SisHy), As(SiHs){(SiaH7)z, AS(SiaHs)a{SiaHy),
AS{OizHs)(SiaMyr )2,  SD{SIR:)(SIH:HSizHs),  SB{SIR)SIH(SiaHy),  Sh{SiHs)(SiHs),
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Sb{SiHz)2(SisHy), Sh{SiHs}{SizHs ), Sh{SiH:}{(SiaHs}{SisH7), SB{GiH:){SisH7)z,
Sb{SizHs){(SisHy), or Sh{8i:Hs)(SisHy),, wherein R is selected from Me, Ef, nPr, iPr, iBuy,
nBu, iBu or sBu.

3 The method of claim 2, wherein the Si and Group V element-containing precursor
is selected from, when R is Me, P(TMS)SiHa)z, P(TMS)(SiHa), P{TMS)SizHs),
P{TMS){SiaHs), P{TMS)SiaH:),, P{TMS)(SisHy), P(SisHrs, As{TMSB}(SiHza)z,
As{TMSE)2(SiHs), As(TMS)SizMs), As{TMS){SiHs), As(SiaHs)s, AS{TMSHSisHr)a,
AS{TMS)2SisHyr), As(SiaHr)s, SH{TMS)(SiHz)2, SH{TMS)(SiH:), Sh{TMS)(BizHs)z,
Sh{TMSE){SizHs), Sh{SiaHs}s, SHTMS}SizHyr)a, SH{TMS{SiaHy), Sb(8isHy)s,
PTMSHSIHs)(SlaHs), P(TMS)(SiH)SiaHy), P(SiH:)2SisHy), P{SiHs){ShMs}SisHy),
P{SIH:){SiaHr)2, P(SiaHs)2(SisHy), P(SizHs)(SisHr)2, As(TMS)HSiHs)(SizHs),
AS{TMSHSIHSiaHy), As{SiHa)(SiaHs), As{SiHs)(SisHy), AS{SiH)(SlaMHs):,
AS{SiH)NSiH=}SisH7), As(SiH:}(SisHr )z, As(SizHs){BiaH7), As(SiaHz){SisH7)z,
Sh{TMSYSiHs}SizHs), Sh{TMS)SiHs)(SiaHy), Sh(SiHz)2(SiaHs), ShH{SiHs)a{SiaH7),
Sh{SiH){SizHs), SH{SIH:}SiaHs){(SizHy), SH(GiIH}SisHy )2, Sb{SisHs)(SisHy), or
Sb(SizHs{SisHr)a.

4 The method of claim 1, wherein the Si and Group V element-containing precursor
is selecied from the group consisting of P(SisHyz)s, P(SiHa)2(SisHy), P(SiH:){(SiaHs)z,
P{SIHsHSizHs Y BiaHy), PSIH:SiaHy)s, P(SikHs)(SisHy) and P(SizHsHSisH7 ).

5 The method of claim 1, wherein the film-forming composition is activaied by
heating the substrate to a temperature ranging from 200°C o 1000°C, plasma activating
the St and Group V element-containing precursor, or a combination thereof.

8. The method of claim 1, further comprising the step of exposing the substrate to a
co-reactant, wherein the co-reactant is either plasma activated or not plasma activated.
7. The method of any one of claim s 1 to 8, further comprising the step of annealing
the Si and Group V element-containing layer through thermal annaaling, furmnace-
annealing, rapid thermal annealing, UV or e-beam curing, and/or plasma gas exposure.

a The method of any one of claims 1 to 8, wherein the Si and Group V element-

containing film is a P-doped silicon-containing film.
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9. A film-forming composition for deposition of a film comprising a Si and Group V
glement-containing precursor having the formula:
{(SiR2)a.mASlaHzae1)m,
(SiRa)snpASiaH2as1 In(SipHape1 )p OF
AlSaHza00){SlipHau1 ){8icHzcr1)

wherein

Als a Group V element selected from P, As, Sbor Bi;

a=1toB b=1to6 c=1i06,a=b=¢C

m=11t03

n=1t02,p=1to2 n+p=2103;

R is selected from a Cy to Gy, linear, branched or cydlic alkyl, alkenyl, alkyny!
group,

provided that if A = As, then As{SiHs)sis excluded; if A = P, then P{SilHs}s,
P(SiH:)(SiaHs), P(SiH:)(SizHs)z, P(BiaHs)s, and P(SiHi):(TMS) are excluded; and if A =
Sb, then Sb(SiHz)s is excluded.

10. The composition of claim &, wherein a purity of the §i and Group V element-
containing precursor is > 98%.

1. Awet film-forming composition for spin coating of a film comprising the Si and
Group V element-containing precursors of claim 9 that has at least 5 5i atoms.

12.  The wet film-forming composition of claim 11, wherein the Si and Group V
element-containing precursors of claim 9 having the lowest volatility are selected to
remain in a spun film during an annealing step and decompose in sifu.

13, The wet film-forming composition of claim 11, further comprising a co-reactant
being a polysiiane or a mixture of polysilanes having 5 or more than 5 silicon atoms.

14, The wet fiim-forming composition of claim 11, whereain the polysilane is

cyclopentasilane or cyclohexasilane.

15. The wet fiim-forming composition of claim 11, wherein the spun film is an
amorphous or polycrystalline Si film,

o

18, A method for forming a Group V element-doped epitaxial Si film on a substraie, the
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method comprising

maintaining the substrate at a predetermined temperature at or near a deposition
temperature;

exposing the substrate to a mixture of a vapor of a film-forming composition that
containg a Si and Group V element-containing precursor and a vapor of a co-reactant
polysilane; and

depositing at least part of the Si and Group V slement-containing precursor onto
the substrate to form the Group V slement-doped epitaxial 81 film on the substrate through
a CVD process,

wherein the 5 and Group V element-containing precursor having the general

formula:
(SiR3)amA(SiHzariJm,
(SiFa)anpASiaHzar n{SinHape Jp OF
A{SkHae 1} SlpHane 1 {{SicHace1)
wherein

Ais a Group V element selected from P, As, Sb or Bi;

az=1io6 b=1t08 c=1i06, a=b=cC

m=1103;

n=1t02,p=1to2 n+p=2103;

R is selected from a Cy {0 Gy, linear, branched or cyclic alkyl, alkenyl, alkyny!
group;

provided that if A = As, then As(SiHs)s is excluded; if A = P, then P{SiHa)s,
P{SiH:)({SiaHs), P(SiHa)(SizHs)z, P(SiHs)s, and P(SiH:)(TMS) are excluded; and if A =
Sb, then Sb(SiHz)s is excluded.

17.  The method of claim 16, wherein the co-reactant polysilane is a germane.

18, The method of any one of claims 18 to 17, wherein the predetermined temperature

and the deposition temperature range from 200°C to 1000°C.
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