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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 U.S. Provisional Patent
Application No. 83/203,328, filad December 23, 2021, the entire contents of which are
incorporaied herein by reference.

Technical Field
(0002} The present invention relates {o Group V element-containing precurscrs and
methods of synthesizing the same and methods of using the same in semiconductor film

depositions, in particuiar, to the Group V element-containing precursors having the general

formula:
(BiRa)s-mA{SlaHzas1)m, OF
(SiRz}anpA{SiaHzax In(SinHapes Jp OF
A(SlaMHzar ) {(SloHoge 1 }{SlcHac)
wherein
a=1tog b=l c=1w6 axb=c
m=1103;

=1fo2,p=ltwwZ n+p=21i03

A=As, P, Sb, Bi; and

R is selected from a G, to Cye, linear, branched or cyclic alkyl, alkenyl, atkynyt group;
o the synthesis methods including one-step, two-siep, or three-step reaction(s) between
halo(poly)silane(s) and a tris(trialkylsilyl) derivative of A or a one-pot mixing reaction with a
mixture of two or three halo{poly)silanes and the tris{trialkyisilyl) derivative of A, and to the
methods of deposition Si and Group V element-containing films including CVD, PECVD,
ALD, PEALD, flowable CVD, HW-CVD, Epitaxy or the like.

Background
[00603] Thinfilms comprising Group V elements are used in various applications, including
p-doped Si or SiGe semiconductor channel and contact layers in solid state transistors,
non-volatile phase-changa memories (PCM), solar cells, IV compounds and optical
storage materials, elc. -V compound semiconductors can be used in many different
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application areas, including transistors, optoelecironics and other application areas, for
example, in bipolar transistors, field effect transistors, lasers, IR dstectors, LEDs, wide band
gap semiconductors, quantum well or guantum dot structures, solar cells and in monolithic
microwave integrated circuits.

[0004] Several -V semiconductors exhibit features that make them attractive for use in
solid-state electronic devices {e.g., high thermal stability, high electron mobility, and low
band gap). However, the HI-V semiconductors are more difficult to synthesize than the
widely used group IV semiconductors, and the lack of suitable routes to the Hi-V compounds
has hindered their acceptance as alternates 1o the group IV compounds.

[0008) Some Group V element-containing compounds {or V compounds) have been
made using silyl and polysilyt ligands, namely, P(SiHz)s, P{SizHs)s, and As(SiHz), etc. The
usage of such compounds for thin film deposition process has been disclosed for P{SiHz)
for epitaxial applications (ref) as a phosphorus dopant through forming a interlinked Hi-V—
(VY3 “building blocks”, leading to highly stable and crystalliine structures with average
diamond-like symmetry.

[oo0e] Related prior art includes the Tollowings.

[0e07] Tice et al. (Dalton Trans., 2010, 39(19), 4551 — 4558) disclose PSiH:) is
synthesized by P(EnMes)s + 3 SiHaBr — (SiHs):P + 3 MesSnBr.

[0G08] Amberger et al. {Angew. Chem. Int. Ed, 1862, 1, 52) disclose (SiHa)sP is
synthesized by 3 KPH; + 3 SiHaBr — P(SiHs)s + 2 PHs + 3 KBr at ~55% yield.

[0008] Amberger et al. (Angew. Chem,, 1862, 74, 203) disclose under mild conditions,
(S5iHsiAs is synthesized and isclated from reactions between 3 KAsHyt 3 SiH:Br —
As{SiHz): + 2 AsH; + 3 KBr at ~80% vield.

{00101 Amberger ef al. (Zeitschrift fuer Naturforschung 1963, 18k 157) also disclose the
preparation and properties of trisilvistibine, by reacting LizSb + SiH3Br in ether at low
temperature, followed by isolation of lights {o yield Sb(SiH:)s at 77%.

[0011] Drakeetal (J. Chem. Soc., 1960, 662 — 665) disclose the synthesis P(Si2); while
reacting proper amount of diborane with Six-PHa 3 SiHSiHPH, — (facilitated by BaHe)
P{(SizMs)a +2 PHs.

[0012] Drake at al. {inorg. Chem., 1967, 6(11). 1884 — 1288, Chem. Ind., 1962, 1470)
disciose the synthesis and purification of monosilylphosphoine, such as SiHaSiH-PHz, by
induced decomposition of monosilane and phosphine mixiure in an ozonizer silent elsctric
discharge, followed by trap-to-trap distillation.

[0013] Drake et 2l {(J. Chem. Soc. A, 1988, 2709} disclose the formation of (GeMi)aP
from GeHaPH; disproportionation.
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[0014] Drake et al. {J. Chem. Soc. A, 1971, 13, 2248) disclose the reaction between
P(SiHs)z and LiAlHs would yield as one of the products, e.g., LIAIR[P(SiHz)z2k + SizHsBr —
SiaHs-P{SiHa)s.

[00158] Drake et al. {inorg. Nucl. Chem. Letters, 1968, Vol. 4, pp361-363) disclose
monobromogermane reacts with trisilylphosphine o give an 'exchange’ resulting in the
formation of trigermylphosphine. Monobromosilane reacts with KMH, (M = P, As, Sb) to
give the trisilyl rather than the monosilyl derivatives and monoicdosilane reacts with
disilylamine to give a trisilyl species.

[0018] Cradock st al. (J. Chem. Soc. A, 1967, 1229) disclose the exchange reaction to
form (GeHs)aP from GeHaBr-(SiHs)sP.

[0017] Wingelath et al. (Phosphorus and Sulfur and the related Elements, 1888, 39, 123-
9) disclose the formation of P(SiHs):, P(SkHsi, P(SiHa):{SiHs), P(GeHs): through
redistribution reactions of monosilyl- or monogermyl-phosphines, inciuding SiHaPH:,
SizHsPHs, SiHsPH/SixHsPH:, and GeHaPH:, promoted by BXs, BaHs, and BsHe.

[0018] Beagley et al., (Chem. Commun., 1967, 12, 801.802) disclose the gas phase
pyramidal structures of P(SiHs)s and As(SiHa)s.

[0818] Yang et al. (Chem. Mater. 2014, 28, 14, 4082-4101) disclose that through low-
temperaiure reactions between P(SiHa)z and Al alomic beams, A-P{SIH:); intermediate
formed which contains Al-PSis core, which is lately confirmed that it can be deposited and
match on Si{100) lattice, and thus presented a practical route to grow HH-V material on
Group IV semiconductors,

[0020] Watking et al. (J. Am. Chem. Soc. 2011, 133, 40, 16212-16218) disclose the
preparation, characterization, and theoretical simulation of tetragonally strained Al-PSI;
core grown on Si(100).

[0621] Chizmeshya et al. (ECS Transactions, 2012, B0(8), 823-834) disclose similar
application to use molecular beam epitaxy (MBE) techniques at < 600°C fo form
intermediates with ALPSE; core and then incorporated into diamond-shape Group IV
materials. In a similar manner, Al-AsSis can be deposited using As(SiHa)s precursor, as well
as a hybrid of P/As, As/N, P/N by forming the corresponding intermediates using a miture
of As(SiHz)s, P(SiHs)a, and N{SiHs): to react with Al The work can be extended to deposition
of Al-PSisGesn.g by infroducing precursor mixtures of P(SiH:)z and P(GeHa)s.

[oo22] Sims et al. (Chem. Mater. 2015, 27, 8, 3030-3039) disclose a hybrid of Group Il
materials, such as AlLEB.FSia (x = 0.04 - 0.06) formed by low P CVD process using P{(SiHa)s
and Al{BH.); precursors, and grow on Si-based solids,

(00231 Kouvetakis et al. (Chem. Mater. 2012, 24, 18, 3219-3230) disclose the use of
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M{SiHs)s (M = P, As) and Al to synthesize (IH-V)-(IV) alloys on Si substrates using gas-
source MBE. The addition of N(SiHs): into the reaction mixture under appropriate conditions
led into novel hybrid materials AlAS NS and A{P1LNG)ySis-ay.

[0024] WO 2019066825/US 20200168462 to Romero et al. disclose the decomposition
of Group V {including N, P, As, Sb, and Bi) and/or Group VI {including S, Se, and Te)
materials using the corresponding hydrides, and/or silylated species, including silylated
phosphing, arsine, stibine, and bismuth, elc.

[0025] US7029905 (o Todd et al. discloses methods for forming epitaxial films wherein
phosphorous, arsenic and antimony are supplied in the form of precursors such as
phosphineg, trisilyiphosphine, arsine, irisilylarsing, stibine, and silylstibine.

[0028] USS089423 to Weeks &t al. disclose doped semiconductor films and processing
wherein the dopant comprises phosphorus.

[0027] US8718751 to Todd discloses siiicon alloys and doped silicon films formed by CVD
and ion implamtation processes using Si-containing precursors including (HaSiksMRX,
(HaSHaN, and (HaSijaNz, wherein Ris Hor D, x=0, 1 or 2, and M is selected from the group
consisting of B, P, As, and Sb.

[o028] US4910153 to Dickson discioses deposition precursors having the formula (MXshs
M4 wherein M and M’ are different Group 4A atoms, st least one of M and M' is silicon,
X is hydrogen, halogen or mixiures thereof, and n = 1 to 4, inclusive. Dopants having the
formula (SiXs)mlXam 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 between 1 and 3,
inclusive.

[0028] Applications of compounds having a formula A(SiHz)a.(H or D)y are described for
instance in WO2002065508, specifically when used in combination with a Si source that is
a polysilane like disilane or trisilane. This chemistry selection enables {0 deposit fiims at a
fower temperature than the classical SiHs / PHs / AsHa 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.

Summary
[0030] There is disclosed a method for synthesizing a Group V element-containing
compound, the method comprising:
contacting A(SiRz); with one, twa or three types of halo(poly)silane(s) either in series
or in a mixture, wherein the hale{poly)silane is selected from the group consisting of X-
SlagHager, X-SigHane and X-SigHgyerr; and
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dehalosilylating A(SIRa)s to form the Group V element-containing compound
(SiRa)3-mA(SlaHzar1)m, OF
{SiRs)a-npA{SiaHzas1 In(SieHap+1)p OF
A{SiaHza+1){SiutHope 1} (SicHoee)
through the stepwise general reaction{s}.
a). one-step reaction:
A(SIR3)s + m X-SlaMaget — (SiRs)s-mA(SlaHzas1)m + m X-8iRs,
b). two-step reactions:
A(SIRa)s + n X-SlaHzaet — (SIR3)30A(SIaHza01 )0 + 1 X-8iRy
(SiRa)2-nAlSiaHzae1 0 + P X-{SigHzne1) — (SiR3)3n-pASHzae1 Ja(SipMHaper)p + p X-8iRs, of
¢). three-step reactions:
A{SIRs)s + X-SiaHzaer —» (SiRs}A{SiaHae} + X-SiRs
(SIR3ASBiaHat1) + X-SipHzper — (SIR3)A(BiaH 2201 {SipHzpe1) + X-SiRs
(SiR3)A(SiaHaa+1){SipHaper) + X-BloHaps1r — A(BlaHza+1){ShaHape1 )(BlcHags1) + X-SiRy3;
alternatively, through a oneg-pot reaction with a mixture of two or three halo{poly)silanes:
A(SiIR)z + X X-SigHzart + ¥ X-SipHapes + 2 X-SigHacr1 —
ASiaHaa+1 )x{SloHzoe y(BicHzee )2 BiRa}paeyry + (X + ¥ + 2) X-SiRs,
wherein
AX=Cl Brorl
aztfiobb=ltod c={tod axbz=c
m=1103;
n=1o2 p=1tod n+p=2103
x=0103 vy=0{03 z=0t3, x+y+z=1103;
A= a Group V element selected from As, P, Sb, Bi; and
R is selected from a G4 to Cyp, linear, branched or cyclic alkyl, alkenyl, alkyny!
group. The disclosed methods may include one or more of the following aspects:
« 3 solvent being added,;
¢ the solvent being selected from an alkane or aromatic soivent, a haloalkylsilane or
a mixture thereof:
e a ratio of the solvent to A(SiR3)z being 0 - 99 wi%;
s the alkane or aromatic solvent being selected from pentane, hexanes, heptanes,
benzene, toluane, xylene, chlorotrimethylsilane, or a mixturs thereof,
s a ratio of halo{poly)silane(s) to A(SIRz); ranging from 1 : 9910 99 : 1;

« aratio of halo{polyisilane(s) to A(BiRa)s ranging from 1. 20t0 20 1;
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« aratio of halo{poly)silane{s) to A(SIRa}): ranging from1: 5105 1,

e X baing Cl;

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

s the chioro{poly)sitane being Cl-SiaHzar, ClSigHzpe andior Cl-SizHaary, whersina =
1o b=108 c=1tc8 azb=g

s the chioro{poly)silane being CI-8iHa, Ci-SiaHs, or C1-SiHy;

e R being a methyl group (Me),

+ further comprising
separating the solvent and reaction products to isclate the Group V element-

containing compound; and

purifying the Group V element-containing compound,

e & purity of the Group V element-containing compound being > 80%:

e a purity of the Group V element-containing compound being > 95%;

s a purity of the Group V element-containing compound being » 98%;

s the method being a batch process;

= the regclions being maintained at a temperature ranging from -20°C to 150°C;

e the reaction being maintained at a temperature ranging from room temperature to

e the Group V element-containing compaund containing a trisilyl group;

« the trisilyl group being -SIH{SiHa)z (i-trisilyl);

+ the trisilyl group being -SiH.-SiH-SiHs (n-trisiiyl);

e the Group V element-confaining compound being selected from  P{SiHa)a,
P(SIRs)(SiHa)2, P{SiRa)(SiHs), P(SIR:)(SizHs)z, P(SiRa)(SiaHs), P(SiaHs)s, P(SiRs)(SiaHr)a,
P{SIR:){BisHy), P(SiaH)s, Asi{SiHa)s, AS(SIR:)(SiHa), As{SIRa)(SiHs), AS(SiR:){SizHs)s,
AS(SIRz)2(Si2Hs), As{SizHs)s, As(SIR3)(SiaHr)e, AS(SiRa)2(SiaHr), As(SisHzla, Sb(SiHa)s,
Sb{SiR:}(SiHs}z, Sb(SiRa)x{8iHz), Sh(SiRa}(SikHs),, Sb{SIR:)(ShHs),  Sb(SizHs)s,
Sh{SIR:){SisHr}z, SH{SIRs)(SizHy), Sh(SisHr)s, P(SIRaHSiH2){SiaMHs), P{SiRa}{SiHs)SisHy7),
P{SiH:)2{SkHs), P(BiHa)2(8isHy), PSIHs)BizHsk, PSIHa}HSiaHs)(SlaH7), P(SiHa)(SisHr )z,
P{SiaHs)2(SlaHy), P(SiHs}(SiaHrle,  AS{SIR)SHHSiaHs), AS{SIR:HSits){SiaHy),
AS{SiHs)a{SizHs), AS(SiHa)2(SisHr), AS(SiHa){SizHs)2, AS{SiHs)(SiaHs){SisHy),
As{SIH:)}{SisH7)z, As(SizHs)2(SisHy), AS(SizHs ) BiaHr)a, SH{SIRs)(SiHa){SizHs),
Sb{SIRz}{SiH){SisH7), Eb(SiHa)a{SiaHs), Sb{(SiHa){SisHy), Sb(SiMH:}{SkbHs)s,
Sh(SiH: ) SizHs){(SiaH7), SB(SiH)(SisHr)z, Sh(SiH=(SisHy), or Sh{SizHs)SisH7)2;

s R being selected from Me, Et, nPr, iPr, 1By, nBu, iBu or sBuy;
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« when R = Me, the Group V slement-containing compound being selected from
P(SiHs)s, P{TMS)SiHs),, PTMB)(SiHs), P{TMS)SiHs)e, PTMS)(SihHs), P(BizHs)a,
P(TMS)(SisHr)z, PTMS)A{SizHr), P(SiaHy)s, As(SiHz)s, As(TMS)SiHz)2, As(TMS)(SiH),
As(TMS)(SizHs)z, As{TMS)(SizHs), As(SiaHslz, As(TMS)SizHr)2,  As(TMS)ASisHy),
As(SizH7)s, Sh(SiHa)a, Sh{TMS)}SBiHa)z, Sh{TMS)2{SiHa}, Sh{TMS)(SizHs),
Sh{TME)(SiHs),  Sh(ShHs)s,  SD{TMS)SiaHy)e,  SbTMS)(SiaHy),  Sbh(SisHr):
P{TMS)(SiHs)(BizHs), PTMS)(SiH)SisHy), P{SiHa)2{SioHs), P(SiHa)(SiHy),
P(SiH)(BiaHs), P{SiH:XShHsYSiaHy), P{SiH(SlaHz, P{SizHs)(8isHy), P(SikHs){SkHy)s,
AS(TMS)(SIH:)SiHs),  As{TMS)SiH:SIEHY),  AS(SIH)ASkHs),  As(SBiHs){SiHy),
AS(SIHz}{SiaHs)2, AS{SiHz)(SizHs){(SiaHy), AS{SiHa)(SisHr)z, As(SiaHs)2(SisHy),
AS(SiaHs)(SiaHr),  STMS)(SiHs¥SiaHs),  Sb{TMS)(SiH:{SisHy),  Sb(SiHi){(SiaHs),
Sh{SiHa)a(SisHy), Sb{Sitk){(Siatts)z, Sh{SiH Y SizHs)(SiaHy) Sb(SiHs)(SkaHy)2,
Sb(BizHs)2(SizHy), or SH{SixHs)(SisHy)z;

s the Group V element-containing compound being selected from the group consisting
of P{SiHa):, PTMS)SiHz}, P(TMS)(SiH:), P(TMS)(SizHsk, P{TMS){SizHs), P(SizxHs)a,
PTMS)(SisHr)a, PTMS)(SiaH7), P(SisH7)s, PTMSHSiHs)SiaHs), PTMSHSIH-){ShaHy),
P(SiHs){SizHs), P(SiH3)z{(SisH7), P(SiH:)(SizHs)z, P(SiHSizHs)(SisHr), P(SiHs)(SisHr)z,
P(SiaHs)(SisHy) and P(SiaHs)(SiaHq )z

s the Group V element-containing compound being selected from the group consisting
of, when n = 2 {0 3, A{SIH:SIRs)2, ABEHNSIR)2, ASizHsSiR:), A(SizHASIR,),
A{SiaHs)s, and A(SisHy)s, wherein A is a Group V element selected from P, As, Sbor B R

is seiected from a C1 10 Cue, linear, branched or cyclic alkyl, alkenyl, alkynyl group; provided
that if A = P, then P(SiHs)(SizHs), P{SiH)(8izHs), P(SizHs)s, and P(SiHz)(TMS)} are
excluded; and

= the Group V siement-containing compound being, when m = 3, A{SiaMzar)2, whersin
a=1186; Alis a Group V slement selected from P, As, Shor 8i; Ris selected froma Gy to
Cuo, linear, branched or cyclic alkyl, alkenyl, alkyny! group; provided that if A = As, thena >
1, i A =P, then P{SizH:)s is excluded, and if A = Sb, then Sb(SiHa): is exciuded.
[0031] There is also disclosed a Group V element-containing compound, the Group V
element-containing compound having the formula:

(SIRD)z-mA(SlaHza41 m,
(SiRa}3n-0A(SlaHza Jn(SipHzoe )p OF
A(SlaHza01){SlgHope }{SlcHzes1)
wherein
a=1to6 b=1f08 c=1io8 axbxc

-d
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m=11i03;
n=toZ,p=lio2 n+p=2103
A= a Group V element selacted from As, P, &b, Bi; and
R is selected from a C. 0 Cp, linear, branched or cyciic alkyl, alkenyl, alkynyt group;
provided that if A = As, then As{SiH:)z is excluded; if A = P, then P{SiHs)s,
P(SiHa)a{SioHs), P{SiH){(SiaHs)z, P{SiaHs)a, and P(SiH:).(TMS) are excluded; and if A = 8b,
then Sb(SiHa)s is excluded. The disciosed compounds may include one or more of the
following aspects:
+ & purity of the Group V element-containing compound being > 83%;
e & purity of the Group V element-containing compound being > 95%; and
+ apurity of the Group V element-containing compound being > 98%.
[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 Si 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
{SiIR2mA(SIaH2001m,
(SiR3)a2npA{SlaHza01 0 (SinHope Jp OF
A{SiaHoas1){SipHzps s H{SicHzcr1)
wherein

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

a=1io6 b=1twB c=106 axb«C

m=1103;

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

R is selected from a G, to Cyp, linear, branched or cydlic alkyl, alkenyl, altkynyl group;

provided that if A = As, then As{SiH:)a is exciuded; if A = P, then P{SiHs)a,
P(SiHa)2(ShHs), P(SiH)(ShHs)e, P{SiaHs)s, and P(SiMHa)(TMS) are excluded; and if A = Sb,
then Sh{SiHs)s is excluded. The disclosed methods may include one or more of the following
aspects:

¢ the Group V element-containing precursor being selected from P(SiHs)s,

P{SiR:){(SiMHa)z, P(BiRa){SiHz), P(SIR:){SiaHs), P(SIR:)(SkhHs), P(SiaHsls, P(SiR:)(SisHr)a,
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P{SIR:){SiaHy), P(SiakHy)s, As{SiHa)s, AS(SIR:)(SiHa), As{SIRa)(SiHa), AS{SIR:){SizHs)s,
AS(SIR:)2(SizHs), As{SiaHs):, AS(BIR:)(BizHr)z, As(SiRa)e(SisHy), As(SisHr), Sbh(SiHila,
Sb{SiR:}(SiHs), Sb(SiIRa)xSiHz), Sh(SIR:)(SizHs):, Sb{SIR:}(SiaHs),  Sb(SizHs)s,
Sh{SIRa)(SisHr)z, SH{SIR:)A(SisHy), Sh(SisHr)s, P(SIR:){SiHa)(SkHs), P(SIRa}SiHa)SisHy),
P{SiHs)2(SioHs), P(BiHz)2(8isHy), P(SIH:)SizHs)e, P(SIHaHSiaHs}(SiaH7), P(SiHa)(SisHr)a,
P(SiaHs)(SiaHy), P(SiaHs)(SisMHr)2,  AS{SIR:)(SiH}SiaHs), As{SIR:}SiH }SiaHy),
AS{SiHs)a(SizHs), As(SiHa)a(SisHy), AS(SiHa)}{SizHs)z, AS(SiHz)(SizHs ) SisHy),
As{SIH:}{SisH7)z, AS{SiaHs)z{SisHy7), As(SizHs)(BiaHr)z, SH{SIR3}(BiHa){SizHs),
Sb{SIRHSiHs)(SisHy), Sb{SiHa}(SiaHs), Sb{SiHs)e(SiaHy), Sh(SiHs)(SiaHs)2,
Sh{SiHa){SizMs){SizHy), Sh{SiHz)(SisHr)z, Sb{SizHs){SisHy), or Sh{SizHs){SizHr)z;

s R being selected from Me, Et, nPr, iPr, {Bu, nBu, iBu or sBu;

= the Si and Group V element-containing precursor being selected from
PTMS)SiHa)2,  PTMS)R(SiH:), PIMS)SiHs)e, PITMS)R(SiHs),  PTMS)(BiaH7)z,
PTMS)(SiaHy),  P(SisHza,  As(TMS)HSiH3)2,  As(TMS)(SiM:),  As(TMS)SizHs)z,
AS{TMS)2(SiaHs),  As{SizHs)s,  AS(TMS}SisHr)a,  AS(TMS)ASisHy),  As(SisHr)a,
Sh{TMS)(SiHs)e, Sb(TMS)(SiHs), Sb{TMS)(SizHs)2, Sbh{TMS){SiaHs),  Sb(BizHs)s,
Sh{TMS)}SisH7)2, Sb{TMS)2(SisHy}, Sb{SizHr)s, P(TMSHSiHa)(SiaHs), P(TMSHSiHs ¥ SisH7),
P{SiHa)2ASisHr), P(SiHa){SizHs)(SisHy), P(SiHa}SisHr)z, P(SiaHs)z{SiaHy), P{SikHs){SisHr)z,
AS(TMSYSiHa)(SiaHs),  AS(TMSHSiM:)(SiaHy),  As(SiMa)a(SiaHs),  As(SiMHi)(ShkHi),
AS{SiHsHSizHs)2, As(SiHa){SiaMs){SkHy), AS(SiHa){SiaMr)z, As(SizMsi(SizHy),
AS(SiaHs){SisHr)z,  SDTMS)SIH2)SizHs),  ShTMSHSIH:}{SiH),  Sb(SiHak(SizHs),
Sb{8iHz)2(SiaHy), SB{SIH)SiaMs)s, SH{SIHSizHs ) (SizH7), SH(SiHs)(SkaH1)2,
Sh{SiaHs)2(SisH7), or SH{SiaHs)(SiaHy)z;

s the Si and Group V elemeni-containing precursor being selected from the group
consisting of P(SisHy)s,  P(SiHSiaHy),  PSIH)SiMHa),  P{SIH)SiHa){BisHy),
P{SIH:){SisHr)z, P(SizHs)2(BiaHy) and P{SizHs}{SiaHr)z;

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

¢ the film-forming composition being activated by heating the substrate to =
temperature ranging from 200°C to 1000°C, plasma activating the Si and Group V element-
containing precursor, or a combination theraof,

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

e the co-reactant being plasma activated;

+ the co-reactant being not plasma activated;
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« the co-reactant being an oxygen-containing gas selected from Oo, Oz, H20, Ha0Os2,
NC, N2O, NO,, O radicals, alcchol, silancls, aminocalcohols, carboxylic acids, para-
formaldehyde, or combinations thereof;

s the co-reactant being Os;

= the co-reactant being a nitrogen-containing gas selected from NHa, Na, Ho, NoftHp, Hs
and NHs, Nz and NHs, NH: and NaHe, NO, N2O, aminegs, trisilylamine, silazanes, or
combinations theraof,

s the co-reactant being Ha,

« the co-reactant being Ng;

e the co-reactant being at ieast one secondary precursor selected from silanes and
polysilanes, alkylsilanes, halosilanes (MCS, DCS, TCS, SBiCly), polyhalopolysilanes,
germane, chlorogermane, digermane, polygermanes, halogermanes, phosphines, boranes
or halide containing gases;

¢ the co-reactant being a dilution gas selected from Ar, He, Nz, Hz or combinations
thereof,

s the Si and Group V slement-containing film being a P-doped silicon-containing film;

s further comprising the step of annealing the 5i and Group V element-containing layer
through thermal annealing, furnace-annealing, rapid thermal annealing, UV or e-beam
curing, andfor plasma gas exposure;

e the substrate baing a powder, and

s the powder comprising one or more of NMC (Lithium Nickel Manganese Cobait
Oxide), LCO {Lithiurn Cobalt Oxide), LFP {Lithium fron Phosphate), and other batlery
cathode materials,

[0033] There is alsc disclosed a film-forming composition for deposition of a film
comprising a 3t and Group V element-containing precursor having the formula:
(SiR3)amA(SisHza0 1 m,
{SiR3)2-n-pA(SiaHza 1 }a{SipHope Jp OF
A{SiaHoas {SipHzps 1 H{BicHace)

wherein

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

ga=1i06 b=1tB c=1W06 a=bx=C

m=1103;

n=1t02 p=lio2 n+p=21t03;

R is selectad from a Gy to Cyy, linear, branched or cydlic alkyl, alkenyi, alikynyl group;

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

s the Group V elementcontaining precursor being selected from  P{SiHs)s,
P{SIR:)(SiHz)2, P{SIiRa)2(SiHa), P(SIR:)(SiaHzla, PISIR:){SiaHs), P(ShHs)s, P(SiR3){SisHy)a,
P{SIR)2ASsHy), P(SiaHr)a, AS(BiHs)s, AS{SIR:){SiHa)z, AS{SIRs)(SiHs), As{SIR:){SiHs)z,
As(SiRa}(SiHs), As(SizHs)s, As(SIR:)SisHr)2, As(SIR:)(SiaHy), As(SisHz)s, Sb(SiHs)s,
Sh{SIR){BiMa), SD(SIR:)(SiHz), Sh{SIR:)(SizMs),, Sb{SiR:}(SiHs),  Sb{SizHs)s,
SB{SIR:)(SiaHr)e, Sh{SIR:)2(SisHy), Sb(SiaHr)s, PSIRaJSIH:){SizHs), P(SIRs)(SiHa)}SiaHy),
P(SiHs){SkHs), P(SiH:)2{SisHy), P(SiH:)SiaHs)e, P(SiHa{SiHs)(SisHy), P(SiHs)(SisHr)a,
P{SiaMs)SisHy), P(SiuMHe}(SisHz)a,  AS{SIR:)(SiHa}SixHs), AsS(SIRa}SiH: {BisHy),
AS{SiHz)2(SiaHs), As(SiHa)a(SiaHy), As(SiH3){SiaHs)z, AS(SiHa)(SizHs){SisHy),
As(SiHaHSiaH7)2, AS(SizHs )2 SiaHyy, A(SizHs}SiaH7 )2, SBGIR:)(SiHa){SiaHs),
Sh(SiR3){SiHs){SisHy), Sb{SiHa){SiaHs), Sb{SiHs)e{SisHy), Sh{SiHs){SizHs)2,
SB{SiHz){SiaHs) (SisHy), Sh{SiH:){BlatHr)z, Sb(SizHs)(Biziyr), or Sh{SiaHs){(SisHy)z;

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

s the Siand Group V element-containing precursor, when R = Me, being selacted from
PTMS)SiHa)z, PTMS){SiH:), PTMS)SkHs), PTMS)(SizHs), P(TMS)SisHy)z,
PTMS)(SiaH7),  P(SisHrs,  As{TMS)}SiHale,  AS(TMS)R(GiHi),  As(TMSYSiHs)a,
AS(TMS)ASiHs), As(SizHs)s,  AS(TMS)SiaHr)a,  As{TMSR{SizH:),  As(BiHi)s,
Sh{TMS)(SiHs)2, Sb(TMS)(SiHa), Sb{TMS)SiaHs), Sb(TMS)2SkHs), Sb{SiaHs)s,
Sh{TMS)(SisH7)z, Sh{TMS3)2{SkaHy), Sh(SisHr)s, P(TMSHSIH3)(SizHs), P{TMENSiHa)(SisHy),
P(SiHa)a{SizHy), P(SiHs){SiaHs)(BiaHy), P(SiHa}SiaHz )z, P{SiaHs)(SisHy), P(SiHs)}SkaHy)a,
As{TMSHSIH)SkMHs),  As{TMSHSiH(BiaHy),  AS(SIH(SkHs),  AsS(SiH:)(SizHy),
AS{SiH:}{SiaHs)z, AS{SiHa){SiaHs){SiaHy), As(SiHa)(SisHr)z, AS(SiaHs)2(SisHy),
As(SiaHs)(SiaHr),  SBTMSHSIH:}SizHs),  SbTMSHSiH:)(SizHy),  Sb(SiHsk(SiaHs),
Sb(SiHa)z(SisHr), Sb(SiHz){(SizHs)z, Sb(SiHa}(SizHs)(SiakHy), Sb(SiHs)(SiaH7)z,
Sb{SizHs)2(SiaH7), or Sh(SiaHs)(SisHy)z;

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

« & purity of the Si and Group V elament-containing pracursor being > 88%; and

= & purity of the Si and Group V element-containing precursor being > $8%.

[0034] There is also disclosed a wet film-forming composition for spin coating of a film
comprising the disclosed Si and Group V element-containing precursor from formuta (1), (1)

or (IH) that has at least 5 Si atoms. The disclosed wet film-forming compositions may include

11
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one or more of the following aspects:

« the Si and Group V element-containing precursor from formula {1), (1) or {1} having
the lowest volatility being selected o remain in the spun film during the annealing step and
decompose in sifu;

& further comprising a co-reactant being a polysilane or a mixture of polysilanes having
5 or more than 5 silicon atoms;

# the polysilane being cyclopentasilane;

+ the polysilane being cyclohexasilane;

= further comprising a solvent;

s the spun film is an amorphous or polycrystaliing Si film;

= the spun film being an amorphous and polycrystaliine Si film;

e the spun film being an amorphous Si film; and

s the spun film being a polycrysialline Si film;

[0035] There is also disclosed & methaod for forming a Group V slement-doped epitaxdial
Si film on a subsirate, the method comprising:

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

exposing the substrate to a mixiure of a vapor of g film-forming composition that
contains 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 onfo the
substrate {0 form the Group V element-doped epitaxial Si film on the substrate through a
CVD process,

whergin the S and Group V element-containing precursor having the general

formula
{SiRs)s.mA(SizHzar1)m,
(SiR4)s5.npA(SIaH2a01 10 (SluHape1 Jp OF
ASlaHza+1)(SioHaps 1} (SicHace)
wherein

Ais a Group V element selected from P, As, Sb or Bi;
a=1twgb=1i06c=1t06a«b=¢

m=1103;

n=1to2 p=lio2 n+p=21t03;

R is selected from a Cq 10 Cyg, linear, branched or cydlic alkyl, alkenyl, alkyny! group;
provided that if A = As, then As{SiHs); is excluded; if A = P, then P{SiHs)s,
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P(SIHs)(SizHs), P(SiHa)(SiaHs)e, P(SixHs)s, and P(SiHa):(TMS) are exciuded; and if A = Sb,
then Sb(BiHa)s is excluded. The disclosed methods may include one or more of the following
aspects:
= the mixture including a diluted gas selected from Ar, He, Nz, Ho or combinations
thereof;
= the co-reactant polysilane being a germane,
s the predetermined temperature ranging from 200°C to 1000°C,;
s the depasition temperature ranging from 200°C {o 1000°C; and
e the Group V element-doped epitaxial Si film being a P-doped epitaxial Si film, when
Als P

Notation and Nomenclature
[0038] The following detailed description and claims utilize a number of abbreviations,
symbols, and terms, which are generally well known in the art. While definitions are typically
provided with the first instance of sach acronym, such as, stairdess steel (88). Certain
abbreviations, symbols, and terms are used throughout the following description and
claims, and include the followings.
[0037] 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 “a8” or “an” means one or mors.
[0038] As used herein, “about” or "arcund” or “approximately” in the text or in a claim
means +10% of the value stated.
[0040] As used harein, “room femperature” in the text or in a claim means from
approximately 20°C o approximately 25°C.
[0041] As used herein, "atmospheric pressureg” in the text or in a claim means
approximately 1 atm.
[0042] The term “"substrate” refers to a material or materials on which a process is
conducted. The substrate may refer to a wafer having a maierial or materials on which a
process is conducted. The subsirates may be any suitable wafer used in semiconductor,
photovoliaic, flat panel, or LCD-TFT device manufacturing. The substrate may also have
one orf more layers of differing malerials already deposited upon it from a previous
manufacturing step. For example, the wafers may include silicon layers {e.q., crystalline,
amorphous, porous, efc.), silicon containing layers {e.q., SiO;, SiN, SION, SICOH, etc),

metal containing layers (8.g., copper, coball, ruthenium, tungsten, platinum, palladium,
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pickel, ruthenium, gold, etc.) or combinations thereof. Furthermore, the substrate may be
planar or patterned. The substrate may be an organic patternsd photoresist film. The
substrate may include layers of oxides which are used as dielectic materials in MEMS, 3D
NAND, MIM, DRAM, or FeRam device applications {for example, Zr0;, based materials,
HIO:2 based materiais, TiO: based materials, rare earth oxide based materials, ternary oxide
based materials, etc)) or nitride-based films (for example, TaN, TiN, NbN) that are used as
slectrodes. One of ordinary skill in the art will recognize that the terms “film” or “layer” used
herein refer to a thickness of some material laid on or spread over a surface and that the
surface may be a trench or g line. Throughout the specification and claims, the wafer and
any associated layers thereon are referred {0 as subsirates.

[0043] The term “wafer or "patterned wafer” refers to a wafer having a stack of films on
a substrate and at least the top-most film having topograghic features that have been
created in steps prior to the deposition of the indium containing film.

[0044] The term “aspect ratio’ refers to a ratio of the height of a trench (or aperture) to the
width of the trench (or the diameter of the aperiure).

[a0458] Note that herain, the terms “iim” and "layer” may be used interchangeably. i is
undersiood that a film may correspond o, or related {o a fayer, 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 {0 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.

[0048] Note that herein, the terms “aperiure”, “vig", "hole” and “trench” may be used
interchangeably to refer 10 an opening formed in a semiconductor struciure.

(00471 As used herein, the abbreviation "NAND" refers t0 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 stacked in the vertical direction.

[0048] Note that herein, the terms “deposition temperature” and “substrate temperature”
may be used interchangeably. It iz understood that a substrate temperature may
correspond to, or be related to a deposition temperature, and that the deposition
temperature may refer to the substrate temperature,

[0048] Note that hersin, the terms “precursor” and “deposition compound” and “deposition
gas” may be used interchangeably when the precursor is in a gaseous state at room
temperature and ambient pressure. it is understood that 8 precursor may correspond to, or

be related to a deposition compound or deposition gas, and that the deposition compound
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or deposition gas may refer to the precursor.

[0050] The standard abbreviations of the slemaents from the periodic table of elements are
used herein, i should be understood that elemenis may be referred (o by these 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 {o halogens, which are F, Cf, Br. D).

[0081] The unique CAS registry numbers (i.e., "CAS”) assigned by the Chemical Abstract
Service are provided to identify the specific molecules disciosed.

[0052] As used herein, the term “hydrocarbon” refers o a saturated or unsaturated
function group containing exclusively carbon and hydrogen atoms.

[0053] Please note that the silicon-containing films, such as SIN and SiQ, are listed
throughout the specification and claims without reference o their proper stoichoimetry. The
silicon-containing films may include pure silicon (Si) layers, such as crystalline Si, polysilicon
(p-Si or polyorystaliine Siy, or amorphous silficon; sificon nitride (SidN) layers; or silicon oxide (S0}
layers; or midures thereof, wherein k, |, m, and n, inclusively range from 0.1 o 8. Preferably,
silicon nitride is SN, where k and | each range from 0.5 1o 1.5. More preferably silicon nitride is
SizNg. Herein, SIN in the following description may be used to reprasent SilNy containing
layers. Preferably silicon oxide is 5i0n, where n ranges from 0.5 to 1.5 and m ranges from
1.5 10 3.5. More preferably, silicon oxide is 5i0.. Herein, Si0 in the following description may
be used o represent SihOn containing iayers. The sificon-containing film could also be a
sificon oxide based dielectric material such as organic based or silicon oxide based low-k
dislectric materials such as the Black Diamond I or i material by Applied Materials, inc. with a
formila of SIOCH. Silicon-containing film may also include S0sN: where g, b, crangefrom 0.1 to
8. The silicon-containing films may also include dopants from group N 1V, V and Vi, such as
B, C, P, As and/or Ge.

[0654] Please note that the films or layers deposited, such as silicon oxide or silicon
nitride, may be listed throughout the specification and claims without reference o their
proper stoichiometry (i.e., SIO, S0z, SisNs). The layers may include pure (81} layers, carbide
(SiaCp) layers, nitride (SikNy) layers, oxide (SiOn) layers, or mixtures thereof, wherein k, |,
m, 1, ©, and p inclusively range from 1 to 8. For instance, silicon oxide is SinCm, wherein n
ranges from 0.5 10 1.5 and m ranges from 1.5 to 3.5. More preferably, the silicon oxide
fayeris SiO or Si0,. The silicon oxide layer may be a silicon oxide based dielectric material,
such as organic based or silicon oxide based low-k diglectric materials such as the Black
Diarmond 1t or 1l material by Applied Materials, Inc. Alternatively, any referenced silicon-
cortaining layer may be pure silicon. Any silicon-containing layers may also include

dopants, such as B, C, P, As andfor Ge.
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[0055] As used herein, the abbreviation "Me” refers (¢ 8 methyl group; the abbreviation
“EY” refers to an ethyl group; the abbreviation "Pr” refers to any propyl group (i.e., n-propyl
ar isopropyl); the abbreviation “iPr” refers o an isopropy! group; the abbreviation "Bu” refers
to any butyl group (n-butyl, isc-butyl, tert-butyl, sec-butyl); the abbreviation “iBu refersto a
tert-butyl group; the abbreviation “sBu” refers {0 a sec-butyl group; the abbreviation “iBY
refers to an iso-butyl group; the abbreviation "Ph” refers to a pheny! group; the abbreviation
"Am” refers to any amyl group (isc-amyl, sec-amyl, tert-amyl); the abbreviation "Cy” refers
10 a cyclic hydrocarbon group {cyclobuiyi, cyclopentyl, cycliohexyl, etc.); the abbreviation
“Ar refers to an aromatic hydrocarbon group (phenyl, xylyl, mesityl, eic.); TMS refers to as
trimethyisilyl ~SiMes group.

[0058] Ranges may be expressed herein as from about one particular value, andfor 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 to the other particular value,
along with all combinations within said range. Any and all ranges recited herein are inclusive
of their endpoints (i.e., x= 1 © 4 or x ranges from 1 to 4 includes x= 1, x=4, and x=any
riimber in between), irrespactive of wheather 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 various places in the specification are not necessarily all referring to
the same embodiment, nor are separate 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 illusiration. Any aspect or design described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous over other
aspects or designs. Rather, use of the word exemplary is intended {0 present concepts in
a concrete fashion.

[0058] Additionally, the term "or” is intended {o mean an inclusive "o’ rather than an
exclusive “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 employs A, X
employs B; or X employs both A and B, then "X employs A or B” is satlisfied 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 construed to mean "one or more” unless specified

otherwise or clear from context to be directed to a singular form.
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Brief Description of the Drawings
[0060] 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 {o
the following detailed description of the invention when considered in connection with the
following drawings. The drawings are presented for the purpose of illustration only and are
not intended to be fimiting of the invention, in which:
FiG. 1is GC Chromatogram of reaction mixture of P(TMS)s + 7 MCTS {monochiorotrisilane,
Le. SiaH;Cl in hexanes at 68°C for 24 hrs (Exampie 2);
FiG. 2 is GC Chromatogram of reaction mixiure of P(TMS): + 3 MCS {monochiorosilane,
Le. SiH;Cly at 80°C for 44 hrs (Example 4);
FIG. 3 is GC Chromatogram of reaction mixture of As(TMS)z + 8 MUTS at 60°C for 24 hrs
(Example 8); and
FIG. 4 is GC Chromatogram of reaction mixture of Sb{TMS); + 10 MCS at 60°C for 24 hrs
{Exampie 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-containing
films.
[0a82] The disclosed Group V element-containing precursors have the general formuia:
{SiRs)a-mA(SlaHzart)m, H
{SiR3}3-n-pA(SlatHzas In( SioHone }p {11
A{SiHzae 1 ){SiHzpes {SicdHoce 1) {#h
wherein A is a Group V element selected from P, As, Sb or Bj;
a=ztto8 b=fiwB c=1tic8 arb=C
m=1103
n=fio2 p=sfto n+p=2103 and
R is selected from a G; to Cio, linear, branched or cyclic alkyl, alkenyl, alkynyl
group,
provided that if A = As, then As{SiHs) is excluded; if A = P, then P{SiHs)s,
P(SiHa)2(SizHs), P(SIHa)(SizHz)z, P{SiaHz)s, and P(SiH:){TMS) are excluded; and
if A= 8b, then Sb(SiHa)s is excluded,
[0883] The disclosed Group V element-containing precursars contain a trisilyl group that
may either be -SIH(SIHs) (i-tristlyly or -SiHz-SiH-SiHs (n-trisilyl).
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[o064] Exemplary disclosed precursors include P(SiHa), P(SIRHSHs)z, P{SIRa):(SiHs),
P{SIR:}{(SiaHs)z, P{SIR3)2({SizHs), P(BlaHs)s, P(SIR:)(SisHr)z, P(SIR)(SisHy), P(SisHr)a,
AS(BiHzls, AS(SIR:)(SiHs)z, AS(SIR){SiHz), As(BIR:)(BizHs}z, AS(SIR:)2(SlaHs), As(BizHs)s,
AS(SIR:}{SisHr)2, AS(SiRs)2(SisHy), As(SkstHr)a, SD(Sits)a, SB(SIR:)(SiHz)z, Sh(SiRa)2(SiHs),
Sb(SiRa){SiaHs)2,  Sh{SiR:}(SizHs), Sb{SiHs)s, Sh{SiR:){ShkHr)z,  Sh(8iR3)(SisHy),
Sb(SisHy)a, P{SIR:)(SiH:){(SizxMHs), P(SIR)(SIH){(SisHy), P(SiH)(SiaHs), P(SiHz)z{SiaHy),
P{SIHs)(SizHs)a, P{SiHs){SiaMs)(Siaky), P(SiHa){SisH7)z, P{SizHs)(SiaHy), P(SizHs){SisHr)a,
AS{SIR:}{SiH:)(SizHs),  As(SIRa)(SiHa)(ShHy),  AsS(SiHsk(SizHs),  As{SiHa){SiHy),
AS(SIHs}SizHs)s, AS{SiHa){(SlaHs){SlsHy), As{SiHa)(SiaHr), AS(SizHs)(SiaHr),
As(SizHs)(SiaMHr)z,  SDSIR:)(SiHa)(SizHs),  SB{SIR:NSIH:)(SizHy),  Sh{SiM;)k(SiHs),
Sb(SiHa)2(&izHy), Sh{SiH;)}{SiaHs)z, Sh{SiH}(SiaHs){(SisH7), SH(&iHa){SisHy)2,
Sb(SizHs)2(SisHy), or Sh(SizHs)(SisHy)e, wherein R is selected from Me, Et, nPr, iPr, {Buy,
nBu, iBu or sBu.

[co8s5] Preferably, when R is @ methyl group, -CHs, the disclosed Group V element-
containing precursor is A(StaMHzar1)m{SH{CHa)s)sm, oF A(SIH2:)m{TMS)s.m wherein a = 1 t0
8 m=1103 Als a Group V element selectad from P, As, Sb or Bi; provided that if A = Ag,
then a> 1; A = P, then P(SiH:)(TM3} is excluded; and A = 3b, then Sb{SiHs}s is excluded.
When R = Me, exemplary disclosed precursors include P(SiHi)a, P{TMS)SiHs)s,
P{TMS)2(SiHa), PTMS){SizHs)s, PTMS)2{SizHs), P{SizHs)s, P{TMS)}SizHr)a,
P{TMS)2(SiaHy), P(SisHyr)s, , As(SiHa)s, AS(TMBYSiHa), As(TMS)(SiH:), As(TMSYSiaHs)a,
As{TMS)(SixHs), As(SiaHs)s, As(TMSHSizHy)z, As{TMS)(SiaHy), As{SizHy)s, , Sh{SiHs)a,
Sh{TMS)(SiHs)e, SB{TMS)(SiHz), Sh{TMS){SizHs)z, SB{TMS){SizHs), Sb(BizHs)s,
Sh{TMSE)(SisH7)z, SH{TMS)(SiHy), Sh(SisHr)a, P{TMS)HSIH:XSiHs), PTMS)HSIH ) SisHy),
P(SiHa)2{SkaHs), P(SiHz){Siaky), P(SIM:)(SizHs)z, P(SIHHSEH:)(SiaH7), P(SiHa)(Siskr)z,

P{SiaHs){SlaHy),  P(SizHs)SisHz)e,  ,  AS(TMSHSIHa)SH:),  As{TMSHSIH:){SiaHy),
AS(SEHs)Q(SEpHs), AS(SIH@)Q(S!;&H*/‘) AS(SEHs)(Si:Hs)Q, AS(S!H%)(S!zHG)(SisHﬁ,
As(SiHa}(SisH7)2,  As(SiaMsp(SiaHr),  As(SiaHs)(SisHz)e, |, SH{TMSHSiHz)SizHs),

Sh{TMS)(SiHs}(SizHr}, SH{SiH;){SixHs), Sb(SiHa)x(SisH7), SB(SiHs)(SizHs)z,
Sb(SiH)(SizHs)(SisHy), S{SiH)(SisHr)z, Sh{SiHs):(SisHy), Sb(SizMs){(SisH)z.

[0068] Preferably, when n = 2 10 3, the disclosed Group V elerment-containing precursor
i3 selected from the group consisting of A(SEHs) (SR}, A(SIH)(SiRa)z, A(SizHs)(SIiRs),
A{SisHN2ASIR3), A(SiHs)s, and A(SisHy)s, wherein A is a Group V element selected from P,
As, Sb or Bi; R is selected from a C 1o Gy, linear, branched or cyclic alkyl, alkenyl, alkynyl
group, provided that if A = P, then P{SiMs)2(SizHs), P{SiHa)(SizHs), P{SiaHs)s, and
P{SiH;){TMS) are excluded.
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[00687] Preferably, when m = 3, the disclosed Group V element-containing precursor is
A{SiaHzar1)s, wWherein a= 110 6, Ais a Group V element selected rom P, As, Sbor Bi; Ris
selected from a G 1o Gqg, linear, branched or cyclic alkyl, alkenyl, alikynyl group; provided
thatif A= Ag, thenn > 1, if A= P, then P(SizHs)s is excluded, and if A = Sb, then Sb{SiHz):
is excluded.
[0088] The disclosed Group V element-containing precursors may be P(SiHs)s,
P{TMS)(SiHz)z, P{TMS)2(SiHs), P{TMS)(SizHs)2, P{TMS)z(SiaHs}, P(SizHs)s,
PTMS){SiaHr)z, PTMS)2(SiaHy), P(SisHr)a, PTMSHSiHa){SizHs), P{TMSYSiHa)(SisHy),
P(SiHa)2(SiHs), P(SiH)(SiaHy), PSIH:)(SizHs)2, P(SIH)(SiHe)(SiHy), P{SIH)(SisH)e,
P(SizHs){SiaHy), or PISiHs)SiHr)2
[00683] The disclosad synthesis methods for synthasizing the disclosed Group V element-
containing precursors shown in the formula (1) to (1) include a dehalositylation (DXS) route
between a halosilyl or halopalysilyl compound (X-SinHza) and a tris(triakyisilyl) derivative
of A (A = As, P, Sb or Bi), A(SBiRa)s, according {o the general reaction:
A(SIR3)s + m X-SlaHaas — A(SlaHza4 1) SiRs)am + M X-8iR3 {iV)
wheraina=11t86;

m= 110 3, preferably m = 3;

A= Ag, P, Sb, Bi;

X=Cl, Br, |, and

R is selected from a Cs 1o Cio, linsar, branched or cyclic alkyl, alkenyl, alkynyl

group.

[0070] The disclosed synthesis methods comprise the steps of contacting A{SiRs)s with
halo(poly)silane (X-SiaHaa+), optionally with an addition of a solvent, with a ratio of
halo{poly)silane to A(SIR,)z ranging from 1 to 100 equiv. to 100 to 1 equiv., preferably from
110 20 equiv. 1o 20 to 1 equiv., preferably halo{poly)silane is chloro{poly)silane. The solvent
is inert to both reactants, A(SiRs)s and halo{poly)silane (X-SiaHaae), selected from an alkang
or aromatic solvent, such as pentane, hexane, heptane, benzene, toluene, xylene, etc., or
a haloalkylsilane, or mixture thereof, and 0 - 99 wi% corresponding {o the reactants or
starting materials, such as A(SIRs)s. The optimal ratio of halo(poly)silane 1o A(SIRa): may
be optimized to reach the target precursor at the highest visld. Fora = 1 or 2 in reaction
(V1), monochiorosilane (MCS, CISiH:) or monochiorodisitane (MODS, CISIH,SiH;) may be
added using a leak tight manifcid, either neat or in a solvent, sither by direct liquid addition
or hy condensation of neat vapors. The mixture of the reactants may then agitated for a
pericd of ime, typically 1 - 188 hrs, to form a reaction mixture. The products may then be

separated from the reaction mixture by stripping of the solvent andfor fractional distillation
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or other suitable means known in the art. The isolated product may then be purified, for
instance by distiliation, whether batch or continuous, to reach a desired purity of the product.
[0071] Herg, a rafio of halo(poly)silane 1o A(SIRs): ranges from 1: 8910 89 : 1, preferably,
from 1 : 20t 20 . 1, more preferably, from 1 : 10 to 10 : 1, even more preferably, from 1 :
510 § . 1. The reactions are maintained at a temperature ranging from -20°C to 150°C,
preferably, from room temperature fo 100°C. The synthesis time spans from 1 to 188 hrs,
preferably from 12 to 95 hrs, more preferably from 24 to 48 hrs, depending on the reaction
conditions, such as reaction temperature.
[0072] Aliernatively, the disclosed synthesis method may be carried out stepwise, and
silyl groups of various sizes may be substituled sequentially like two-sieps or three step
reactions.
[0073] The disclosed two-steps reactions with a halosilyl or halopolysilyl compound and
a tris{trialkylsilyl) derivative of A have the general reactions:
A{SiIRs)s + n X-SiaHoarr — (SiR3)a-0ABiaHza+1)n + 1 X-8iR3 (V)
(SiRa)aaA{SlaHzas)n + 0 X-(SlaHapr1) — A(SiaHzar1)ano{SisHops)p + p X-8iRs, (VD)
whereina=1108,b=1106

n=tto2 p=1tloZ, n+p=2103;

A= Ag, P, Sb, Bi;

X=Cl, Br, |, and

R is selected from a Cs 1o Cio, linsar, branched or cyclic alkyl, alkenyl, alkynyl

group.
[0074] The disclosed thwee-steps reactions with a halosilyl or halopolysilyl and a
tris{trialkylsilyl) derivative of A have the general reactions:
A(SIRs) + X-BlaHoast — (SIR3A(SIH2a1) + X-8iRa (Vih
{SiR3)2A(SiaHzae1) + X-SipHaper — (SiRsJA(SiaHza01 Y SipHane) + X-SiRs (Vi)

(SIRDASIH22+1 }SioHap1) + X-BloHaosr > A{SiaHzae1 ) (SioHans1){SicHzerr) + X-8iRs (IX)
whereina=1to8, a=1108, c=11c8;

A= As P, 8b, Bi;

X=Cl, Br, |, and

R is selected from a G: o Cp, linsar, branched or cyclic alkyl, alkenyl, alkyny!

group.

[0078] Alternatively, the dizclosed synthesis method may be carried out in a mixture or in
a one-pot, and silyl groups of various sizes may be substituted in the mixture with all starting
matarials mixed together.

[8078] The disclosed mixed reactions with a halosilyl or halopolysilyl and a tris(trialkylsilyl)

20



WO 2023/121973 PCT/US2022/053205

derivative of A have the general reaction:
A(SIR3)s + x X-8igHaarr + v X-8ipHapes + z X-8SicHacrs —
A(SiaH2a+1 ) SisHaps W{SicHzor1 ) SiRs)aomyzy + DU+ ¥ + 2) X-8iRs {X)

whereina=1tc6, b=1108 ¢c=11086

x=0o3 vy=0t03,z=0103, x+y+z=1103

A=Az P Sb Bi

X=(l, Br, §; and

R is selected from a Gy to Cip, linear, branched or cyciic alkyl, alkenyl, alkynyl

group.

[00771 Inone embodiment, the disclosed synthesis method for synthesizing the disclosed
Croup V element-containing precursors shown in the formula (V) to (X) is a
dechlorosilylation (DCS) route between a chiorosilyl compound, Cl-SiaHager, Cl-SigHape
andfor Cl-SiaHzaer, and a tris(trialkyisilyl) derivative of A (A = As, P, Sbor Bi), A(SiRz): (R is
selected from a Cy 1o Cye, linear, branched or cyclic alkyl, alkenyl, alkynyl group).
[0078] The disclosed synthesis reaction may be carried in a batch mode. in this case,
A{BIR3); may be added over halo(polyisilane (2.g., chioro(poly)silane), or vice versa. The
addition of halo{poly}silane over A(SiHz)s is preferable when only partial substitution of the
-SiRa groups on A is desired.
[0072] The disclosed synthesis reaction may be carried out in a continuous maode in which
a stream of each reactant is continuously fed and reacted. A continuous mixing system may
be used to help contact the reactants. The reaction may not lead to any solid by-products,
however, a filiration step may be added after the synthesis 10 remove polential solid
byproducts in case. The volatile side-product(s) of the reaction may be removed
continuously 1o drive the reaction forward towards completion or towards multi-step
conversions. This is a unigue advantage of the disclosed synthesis methaods, which have
fess o no solid byproduct(s) formed. It is understood that replacing chioro{poly)silane
reactant by a bromo(poly)silane does not significantly deviate. For availability reasons, the
chiorinated silanes are more convenient.
(0080} The disclosed synthesis method has the following unique advantages.

« Readily available starting materials: existing synthesis methods use reactants, such
as KPH, and P(SnMes)s, which are not readily commercially available, or require
fresh preparation. In confrast, the disclosed synthesis methods use P(TMS)s,
As(TMS)a, or Sb{TMB3); as starling materials, which are commercially available in
high purity at bulk.

s (Chiorosilanes are also much more available than their Br counterparts. SiH:Cl{(MCE)
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is available as a commercial product. For example, SiHsCl (MCDS) and SisH:Cl
(MCTS) may be synthesized according to Cradock et al. (J. Chem. Soc. Dalton
Trans., 1975, 1624 — 1828).

= The disclosed synthesis method may be a one-step synthesis if introducing only one
type of polysilyl groups. Existing synthesis methods are mostly multi-step reactions,
which are mono or di-gilyl phosphine, arsine, etc., such as SiHsPH,, SixHsPH:, and
LIAIHIP(SiHs )k, need to be prepared in the first step(s) followed by isolation. In
contrast, the disclosed synthesis method is a ong-step and onea reactor process, and
does not necessarily require isclation of byproducts during the synthesis.

s The disclosed synthesis method has miid reaction conditions. Due {0 the instability
of the starling materials, existing synthesis methods mostly require the reactions to
be carried out under low temperatures with proper control of reactant addition rate
andfor mixture thaw rate. In contrast, the disclosed synthesis mathod carries out at
ambient to slightly elevated temperatures, such as a temperature raging from room
temperature to 100°C.

s The disclosed synthesis method has less side reactions and a high yisld. The
disclosed DHS route provides a relatively high vield as a result of less side reactions,
which facilitates with isolation and purification processes afterwards.

¢ The disclosed synthesis method has litlle to no salt formation, which is known to
facilitate decomposition of similar molecules, such as its N-based analogs with
trisitylamine {TSA) backbone.

[ce8t] The disclosed Group V element coniaining film-forming precursors synthesized by
the disclosed synthesis method may be used for vapor phase depositions of Si-containing
films having Group V element dopants in silicon through CVD, PECVD, ALD, PEALD,
flowable CVD, HW-CVD, Epitaxy, or the like.

[0082] P and As compounds, notably their inorganic derivatives, such as As(8idy)-.
P(SikHy)z, wherein the x and y may be the same or different on each silyl moiety and y = 2x
+1, may conveniently be used as dopanis in silicon. In some applications, there is a strong
neead for doping beyond the solubility limit of the dopants in silicon, for instance to reduce
contact resistancs in semiconductor devicaes. As polysilanes and trisilanes are capable of
deposiling silicon {g.g., amorphous or crystalline silicon) at a fasier rate than silane at a
femperature lower than approximatealy 450°C. The disclosed Group V element-containing
precursors having polysilyl ligands instead of silyl ligands 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
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vessel, typically made of stainless steel, carbon steel, or of aluminium, which has previousty
been dried down to < 100 ppb H2O residual and which optionally may be passivated to limit
decomposition of the precursor therein over time. The passivation process generally
involves the exposure of the high purity vessel to a silylating agent, which in this case may
be the target precursor itself, or a silane or a polysilana.

[co84] The disclosed Group V element-containing precursors have preferably a purily
greater than 90% whw (i.e., 83.0% wiw to 100.0% wiw), preferably greater than 85% wihw
(i.e., 98,0% wiw to 100,0% wiw), and more preferably greater than 98% wiw (i.e., 98.0%
wiw 10 approximately 99.999% wiw or 99.0% wiw to 100,0% wiw), with metal impurities in
the ppb range and O-containing impurities in the ppm o sub ppm range, consistently with
other molecules used for similar appiications. The total quantity of impurities is preferably
below 5% wiw (e, 0.0% wiw to 5.0% wiw), preferably below 2% wiw {i.e., 0.0% wiw to
2.0% wiw), and mare preferably below 1% wiw (i.e., 0.0% wiw to 1.0% wiw). The disclosed
Group V element-containing precursors may be purified by recrystallization, sublimation,
distiilation, and/or passing the gas liquid through a suitable adsorbent, such as a molecular
sigvaes.

[00858] The disclosad Group V element-containing pracursors may be supplied either in
neat form or in a blend with a suitable sclvent, such as sthyi benzene, xylene, measitylene,
decalin, decane, dodecane, or in a polysilane or a haloalkyisilane. The disclosed precursors
may be present in varying concentrations in the solvent.

[o088] The vapors of the disclosed Group V slement containing precursors may be
delivered neat in the absence of a carrier gas into a process chamber when the vapor
pressure of the precursor at a vessel temperature ranging from 0°C 1o approximately 160°C
is typically > 50 torr, preferably > 300 tom

[0087] For the disclosed Group V element-containing precurscrs that have low vapor
pressures, the vapors of the disclosed Group V element-containing precursors are fed (o
the process chamber with a carrier gas in either a bubbler, a vapor draw or a direct liguid
injection system. The carrier gas may include, but is not limited 1o, Ar, He, Ny, Hz 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 to 500 {orr, and more preferably ranging
from 1 to 100 torr.

[oo88] If necessary, a container containing the disclosed Group V element-containing
precursors may be heated or chilled to a temperaturg that permits the precursors o have a
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sufficient and adequate vapor pressure. The container may be maintained at temperatures
in the range of, for example, approximately 0°C o approximately 200°C. Those skilled in
the art recognize that the temperature of the container may be adjusted in a known manner
to control the amount of precursor vaporized.

[0083] The processing chamber may be any enclosure chambers within a device in which
deposition methods {ake place such as without limitation, a parailel-plate type reactor, a
cold-wall type reactor, a hot-wall type reactor, a single-wafer reactor, a multi-wafer reactor,
other types of deposition systems under conditions suitable (o cause the precursors o react
and form deposited films. One of ordinary skiil in the art will recognize that any of these
processing chambers may be used for either ALD or CVD deposition processes.

[00380] The processing chamber contains one more substrates onte which the films will
be deposited. A substrate is generally defined as the material on which a process is
conducted. The substrates may be any suitable substrate used in semiconductor,
photovoliaic, fiat panel, LCD-TFT device manufacturing. Examples of suitable substrates
include wafers, such as silicon, silica, giass, GaAs wafers. The wafer may have one more
tayers of differing materials deposited on it from a previous manufacturing step. For
example, the wafers may include a dielectric layer or 3D NAND stacks. Furthermore, the
wafers may include silicon layers {crystalline, amorphous, porous, etfc.), silicon oxide layers,
silicon nitride layers, silicon oxy nifride layers, carbon doped silicon oxide (SICOH) layers,
metal, metal oxide metal nitride layers (T, Ru, Ta, etc), and combinations thereof
Additionally, the wafers may include copper layers noble metal layers (for example,
platinum, palladium, rhodium, gold). The wafers may include barrier layers, such as
manganase, mangansse oxide, etc. Plastic layers may also be used. The layers may be
planar or patterned. The disclosed vapor deposition processes may deposit the layer
directly on the wafer or directly on one or more iayers on top of the wafer when patterned
layers are formed on the substrate. The patterned layers may be alfernating layers of fwo
specific iayers such as S0 and SiN used in 3D NAND.

[0081] The substrate final application is not limited {o the present invention, but this
technology may find particular benefits for the following types of substrates: silicon wafers,
glass wafers and pansis, beads, powders and nanc-powders, monolithic porous media,
printed circuit board, plastic sheets, ete. Exemplary powder substrates include a powder
used in rechargeable battery technology. A non-limiting number of powder materials include
NMC (Lithium Nickel Manganese Cobailt Oxide), LCO (Lithium Cobalt Oxide), LFP (Lithium
fron Phosphate), and other battery cathode materials.

[0082] The temperature and the pressure within the processing chamber are held at
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conditions suitable for vapor depositions, such as ALD and CVD. In other words, after
introduction of the vaporized disclosed Group V element-containing into the chamber,
conditions within the chamber are such that at least part of the precursor is deposited onto
the subsirate to form a layer. For instance, the pressure in the reactor or the deposition
pressure may be held between about 10 torr and about 500 torr, preferably between about
102 torr and 500 torr, more preferably between about 1 torr and 100 tor, as required per
the deposition parameters. Likewise, the temperature in the reactor or the deposition
femperature may be held between room temperature and about 1000°C, preferably
between 200°C and 800°C. One of ordinary skill in the art will recognize that “at least part
of the precursor is deposited” means that some all of the precursor reacts with adheres o
the substrate.

[0083] The itemperalure to achieve optimal film growth may be controlled by either
controlling the temperature of the substrate holder. Devices used to heat the substrate are
known in the arl. The substrate is heated to a sufficient temperature to obtain the desired
film at 8 sufficient growth rate and with desired physical state and composition. A non-
fimiting sxemplary 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 800°C. Alternatively, when a thermal
process is performead, the deposition temperature may range from 200°C to approximately
800°C.

[0084] Allernatively, the substrate may be heated {o a sufficient temperature to obtain the
desired deposited film at a sufficient growth rate and with desired physical state and
composition. The substrate(s) temperature may be maintained at a temperature ranging
from approximately 200°C to 1000°C, preferably between 200°C and 800°C, and more
preferably between 250 and 800°C.

[0085] More specifically, in addition to the disclosed Group V element-containing
precursors, other precursors or co-reactants may also be introduced into the processing
chamber, such as, but are not limited to Hg, silanes, polysilanaes (Si; to Sis, linear, branched
or cyclic for Sis and Sis), alkylsilanes such as monomethyisitane, halosilanes (Cl-8iHs,
ClzSiHs, 12-SiHz, ChSiH, SICl efe.) and polyhalopolysilanes (SixCls, SizHCls, CI-SizHs, etc.),
germane, chlorogermanes, digermane, polygermanes, halogermanes, phosphines,
boranes such as ByHs, diboranes, halide containing gases (HCI, Clz, HBr, etc.); N-containing
gases (NH;z, N, NofHz, and NH;, Nz and NHz, NH» and NaMg, NO, N:O, amines, trisiiviaming,
silazanes, etc., or combinations thereof); O-containing gases (O, Os, Ha0, Ha0s2, NO, N20,
NGO, Oradicals, alcohal, sitanols, aminoalcohols, carboxylic acids, para-formaldehyde, stc,
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and combinations thereof).

[0088] Furthermore, a dilution gas may be added {o the process, and is selected from Ar,
He, Nz, Hz or combinations thereof.

(00871 Furthermore, the co-reactants may be treated by a plasma, in order fo decompose
the precursor or reactant into its radical form, at least one of Hz, N2 and Oz or an inert gas
(He, Ar, Kr, Xe) may be ulilized depending on the target film composition, when treated with
plasma. The plasma source may be a No plasma, No/He plasma, No/Ar plasma, NH3 plasma,
NiHa.He plasma, NH/AR plasma, He plasma, Ar plasma, H:z plasma, Hz/He plasma,
Hoforganic amine plasma, and mixtures thereof. For instance, the plasma may be genserated
with a power ranging from aboutl 10 W to about 1000 W, preferably from about 50 W {o
about 500 W. The plasma may be genarated 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 treatment.

[o098] For example, the co-reactants may be introduced inte a direct plasma reactor,
which generates plasma in the reaction chamber, to produce the plasma-treated 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 1o plasma processing. Alternatively, the plasma processing
may occur simultaneously with the introduction of the precursor or reactant. In-situ plasma
is typically a 13.56 MHz RF inductively coupled plasma that is generated between the
showerhead and the substrate holder. The subsirate and the showerhead may be the
powerad electrode depending on whether positive ion impact occurs. Typical applied
powers in in-situ plasma generators are from approximately 30 W {o approximately 1000
W. Preferably, powers from approximately 30 W to approximatsly 600 W are used in the
disciosed methods. More preferably, the powers range from approximately 100 W to
approximately 500 W. The disassociation of the co-reactants 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 dissociation as a remote plasma system, which may be
beneficial for the deposition of fiims on substrates easily damaged by plasma.

[0098] Allernatively, the plasma-ireated co-reactants may be produced outside of the
processing chamber, for exampie, a remote plasma to treat the co-resctants prior to
passage into the processing chamber.

[80108] The vapor deposition process may be selective to certain surfaces or non-selective.

[0100] The vapor deposition process may be thermally driven, or enhanced by plasma
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activation, light activation, microwave activation, or other suitable means to activate the
molecule and the growth process.

[0101] The disclosed Group V element-containing film-forming compositions may be used
to deposit films using any deposition methods known to those of skill in the art. Examples
of suitable vapor deposition methods include CVD and ALD. Exemplary CVD methods
include thermal CVD, plasma enhanced CVD (PECVD), pulsed CVD (PCVD), tow pressure
CVD {LPCVD), sub-atmospheric CVD (SACVD) atmospheric pressure CVD {(APCVD), hot-
wire CVD (HWCVD, also known as cat-CVD, in which a hot wire serves as an energy source
for the deposition process), radicals incorporated CVD, and combinations thersof.
Exemplary ALD methods include thermal ALD, plasma enhanced ALD (PEALD), spatial
ALD, hotwire ALD (HWALD), radicals incorporated ALD, and combinations thereof. The
deposition method is preferably a hot wall or cold wall thermal CVD capable of depositing
epitaxial films or amorphous films containing 51 and the dopant element of the claimed
compound, and optionally Ge and/or other co-dopants.

[0102] In ALD processes, ALD conditions within the chamber allow the disclosed Group
¥ element-containing film-forming composition adsorbed or chemisorbed on the substrate
surface to react and form a film on the substrate. in some embodiments, Applicants believe
that piasma-treating co-reactant may provide the co-reactant with the energy needed to
react with the disciosed Group V element-containing film-forming composition (PEALD).
The co-reactant may be treated with plasma prior subseguent to introduction into the
chamber.

[0103] 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 element-containing precursors, any
additional precursors, and the co-reactants. Ancther exampie is to infroduce the co-reactant
continuousty and to introduce the Group V element-containing precursors by pulse, while
activating the co-reactant sequentially with a plasma, provided that the Group V element-
corttaining precursors and the non-activated co-reactant do not substantially react at the
chamber temperature and pressurg conditions {CYW FEALD).

[0104] Each pulse of the disclosed Group V element-containing precursors may last for a
time period ranging from about 0,01 seconds {0 about 120 seconds, alternatively from about
1 seconds to about 80 seconds, alternatively from about § seconds to about 30 seconds.
The co-reactant may also be pulsed into the reactor, In such embodiments, the pulse of
each may last for a time peried ranging from about 0,01 seconds to about 120 seconds,

alternatively from about 1 seconds to about 30 seconds, alternatively from about 2 seconds
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to about 20 seconds. In another alternative, the vaporized Group V element-containing
precursors and co-reactants may be simultaneously sprayed from different sectors of a
showerhead without mixing under which a susceptor holding several wafers is spun {apatial
ALD).

[01058] Depending on the particular process parameters, deposition may take place for a
varying length of time. Generally, deposition may be allowed {o continue as long as desired
necassary o produce a film with the necessary properties. Typical film thicknesses may
vary from several angstroms o 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 to oblain the desired film.

[0106] The disclosed Group V element-containing precursors and co-reactants may be
infroduced into the reactor either simultaneously (CVD), sequentially {ALD) or different
combinations thereof. The reactor may be purged with an inert gas (for example, No, Ar, Kr,
Xe) between the inroduction of the Group V slement-containing precursors and the
introduction of the co-reactant. Alternatively, the co-reactant and the Group V element-
containing precursors may be mixed together (o form a co-reactant/compound mixiure, and
fhen introduced to the reactor in a mixture form (CVD, thermal CVD or Epitaxy). Another
example is to introduce the co-reactant continucusly and to introduce the disclosed Group
V element-containing precursors by puise (puised CVD).

(01071 The desired film thickness may range from a molecular monolayer o 10 um,
preferably between 1 nm and 500 nm.

[0108] Depending on the co-reactants, the deposition process may contain other
elements than those present in the claimed precursors, such as Ge, Ga, C, B, Sn, AL N, O,
S, Se, Te, In, Zn, Cd, Hg.

[0109] The deposited film using the disclosed deposition methods may be p-doped Si and
Croup V element-containing film.

[01108] The deposited film using the disclosed deposition methads may be Group V
element doped silicon layer, such as P doped silicon layer.

[0111] The disclosed Group V element-containing film-forming compaositions may be used
for liquid phase film deposition of 5i containing films, including but not limited to spin coating,
dip coating or apray coating. In this case, a formulation containing the disclosed compound
is coated on a substrate, which is subsequently annealed to yield a thin film.

[0112] The disclosed Group V slement-containing fiim-forming compositions are
particularly useful as doping ingredients for formulations aiming at making amorphous and

polycrystalline Si films. Such formulations typically comprise a large polysilane or mixture
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of polysilanes having > or = 5 silicon atoms (cyclopentasilane, cyclohexasilane, etc.) and a
solvent. After coating of the substrate with the Tormulation, the films are treated {o vield a
silicon film. For such spin coating applications, the selected precursors should have the
lowest volatility to remain in the spun film during the annealing step and decompose in sifu.
Precursors of the family having at least § Si atoms are typically suitable for such applications.
[0113] The treatment typically includes heating (200 to 1000°C) orfand ight/UV exposure.
in such formulations, the disclosed Group V element-containing compounds may be added
at a ratio of 0.01% to 50% {by weight) to yield a doped silicon film.

Formulations containing the disclosed Group V slement-cantaining precursors may also be
used to make doped silicon oxide films by any of the afoerementioned wet coating method
by using an oxidative curing after the coating of the surface. Typical oxidative curing uses
at least one of H0 (vapor), O, Os, HaOn and plasma thereof (and optionally 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 to 280°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 thess wel coating applications, it is
advantageous to use a fully inorganic and low volatility precursor, preferably selected from
AlSiHoe1 )3, wherein xis 2 ormore and A= As or P

Examples
[0114] The following non-limiting examples are provided to further illustrate embodiments
of the invention. However, the examples are not intended to be all-inclusive and are not
intendead 1o limit the scope of the inventions described herein.

Exampie 1. Synthesis of {TMSRLP(8i:H:)

[0148] In a 20 mlL vial, 3 g Ck-SisHy MOTS was added under magnetic stirring, into a
solution of 11 g of P(TMS); 10 wit% in hexanes. The reaction mixiure was stirred under an
inert atmosphere at RT for 5 days, during which all P{TMS}; was converted into a majority
of P{(TMS)(SisHy) at 68% yield.

Example 2. Synthesis & characterization of P{SizHr)s

[0116] 25 g P(TMBS): was dissolved in 200 g anhydrous hexanes in a 500 mL flask under
inert atmosphere, followed by addition of 75 g monochlorotrisilane MCTS siowly with
magnetic stirring. The reaction mixture was refluxed at 88°C for 24 hrs, during which all
PTMS)s was convertad into P(SiaH7): at 83% visld. FIG. 1 is GC Chromatogram of reaction

28



WO 2023/121973 PCT/US2022/053205

mixture of P(TMS): + 7 MCTS in hexanes at 68°C for 24 hrs.

Exampie 3. Synthesis of (TMBIP(SiH:):

[0117] 5gof P(TMS): 10 wt% in hexanes was charged into a 60 mb stainiess steel vessel.
2.8 g monachiorosilane MCS was cryotrapped into the vessel. The reaction mixiure was
thawed and shaked at 180 rpm in the sealed vessel at 75°C for 24 hrs, during which all
P(TMS)s was converted into a majority of P{TMS)SiHa), at £59% yield,

Exampie 4. Synthesis of P(SiHa)

[0118] 56 g of P(TMS)s was charged into a 80 mbL stainless steel vesssl 6.9 g
moenochlorosiiane MCS was cryotrapped into the vessel. The reaction mixdure was thawed
and shaked at 150 rpm in the sealed vessel at 80°C for 48 hrs, during which all P(TMS);
was converted into a majority of P(SiH:). at 85% yield.

[0119] 235 g of P(TMS): was charged into a leak tight 600 mL Parr reactor. 183 ¢
monochlorosiiane 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 ali P(TMS): was converted
into a majority of P(SiHa)a at 92% yield. FiG. 2 is GC Chromatogram of reaction mixture of
P(TMS): + 3 MOS at 80°C for 44 hrs.

Exampie §. Synthesis of As(8isH)a

[0120] Heating at 80°C and shaking at 150 rpm for 48 hrs of the mixdure of 2 g of As(TMS)s
and 7.5 g MCTS in a 60 mL stainless steel vessel leads to exclusively As{SisHy)s at 75%
yield. FIG. 3 is GC Chromatogram of reaction mixture (in Example 5) of As(TMS): + 6 MCTS
at 60°C for 24 hrs.

Example 8 Synthesis of As(SiH:)(TMS):

[01211 4.5 g of As(TMS)s was charged into a 60 mL stainiess steel vessel. 85 g
monachlorosiiane MCS was cryotrapped into the vessel The reaction miiure was thawed
and shaked at 150 rpm in the sealed vessel at 80°C for 24 hrs, during which a majority of
As{SIH:}{TMS)2 was obtained at 52% vyield.

Exampie 7. Synthesis of Sb{SkH){TMS):

[0122] Sb{SkH(TMS): may be synthesized at 72% yield by reacting 2 g Sb{TMS)s and
MCTS 7 g at R.T. under vigously magnetic stirring for one day. Heating at elevated
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temperatures (e.g. 50°C or 90°C) will isad to decomposition.

Exampie 8. Synthesis of Sh{SiH:}{TMS)z
[0123] 28 g of Sb{TMS)s was charged into a 80 mbL stainless steel vessel 8 g
monochlorosilane MCS was cryotrapped into the vessel The reaction mixture was thawed
and shaked at 1580 rpm in the sealed vessel at 80°C for 24 hrs, during which a majority of
Sh(SiH{TMS). was obtained at 23% yield. FIG. 4 is GC Chromatogram of reaction mixtura
of Sh{TMS)s + 10 MCS at 60°C for 24 hrs.

Exampie 8 Synthasis of P(SizHs)s

[0124] S gofPITME ) 10 wi% In hexanes was chargaed into a 80 mb stairdess steel vessel
2.2 ¢ monochloredisiians MCDS was added into the vessal The raaction mbdure was
shaked at 150 rpm it the sealed vessel at 80°C for 24 hrs, during which P{SizHs)s formed

at 24% yiald,

Exampile 10. Isolation of P(SiHs)s

[0125] 380 g synthesis mixture, which contains a product profile as 28% P(SiHs)s in TMS-
Cl solution, was added info a 500 mi round bottom flask inside a glovebox. Standard
fractional distiliation 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{SiHs)s at 98% purily is obtained, which represents a 76%
overall yield. Further distillation or distillation with a higher separation efficiency is expected
to achieve a preferably > 98% for industrial applications.

Prophetic Example 1. Synthesis of P{SiH:{SiH)

[0126] 10 g of PITMGENSiHa): (8.9, synthesized by Example 3) 30 wi%h in TMS-C was
charged infe a 80 mi siainiess stesal vessal 2.0 g MCTS was added inio the vessel The
reaction mixiure was shaked at 150 rpm in the sealed vessel at 75°C for 24 hrs, during
which P{SiHs){SkHy) formed as the major product.

Prophstic Example 2 Synthesis of PSS

[01271 118 g of P{TMS): was charged inte a leak tight 600 mbl Parr reactor. 31 g
monochiorsaiiane MOEB was oryolrappad info the vessal The reaction mixiure was thawsad
and vigorously stirad at 400 mpm st 75°C for 24 hys, during which all P{TM&); was

converiad into & majonly of P{SIH(TMS).
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[0128] 10 ¢ of P(SIH{TMS): ~25 wit in TMS-Cl was chargad nto a 60 mu stainless
steal vessel 2.4 g MCDS was addad into tha vessel. The reaction miure was shaked at
150 rpm in the sealed vesseal at 80°C for 40 hrs, during which P{SIHa{SiM: formsd a5 the

major product

Prophetic Example 3. CVD of P doped Si layer using precursor P(SiaHr)a

[0129] P doped 5 layer is attempted o be deposited on SI(100) substrates. P(SisHya
vapor was introduced into a deposition reactor {(heated to ~500°C) at a flow rate of 10 scem
and approximately a pressure of about 1-20 torr for 10-20 minutes, during which a thickness
of 500-1500 A polycrystalline P doped silicon film is obtained. SEM images may be acquired
of the resulting P doped silicon film. An energy dispersive analysis of X-rays (EDAX)
detector may be used to acguire elemental analysis. AFM, XRD and ellipsometric
measurements of the resulting P doped silicon films depuosited on Si{100) surfaces may be

performed. Other various characterization achnigues such as atomic absorplion {AA), MS-
GO, NME, FTHR, nautron activation analysis \\“\r\ argy dispersive an

(EDAX), Rutherford back-scatienng analysis (RBS), and \'\s, analyses may be used §
oharasterizing the deposited fim,

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

(01307 Pre-eiched SI(100) substrate by dilute HF acid, and properly conditioned (rinse
and dried), is loaded into a deposition chamber, followed by a M, 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 Hs; gas is then bubbled through the liquid precurser
P(SiMH2)z(SisH7) to deliver a vapor of P(SiMa)(SisHy)fHe mixture into the reactor chamber at
a flow rate of 50-150 scem for 1-5 minutes. A highly crystalling, P-doped epitaxial 5i film at
the thickness of approximately 30-150 A is deposited on the Si(100) wafer. Hydrogen
residue may be confirmed as no presence by RBS.

Prophetic Example § Thermal CVD of P doped Si film on a Si(100) wafer using precursor
P(SiH:)}(SisH7)2 with high throughput

[0131] Pre-etched 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 sim. The substrate and the chamber is then equilibriumed at
approximately 550°C at 50 torr back pressure. Pure H gas is then bubbled through the
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liguid precursor P{SiH:}{SisHr), 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(SiHs)(BiaHy )2/SisHe/H2 mixture into the reactor chamber at a flow rate of approximately
100 scem for 3 minutes. A highly crystalline, P-doped epitaxial Si film at the thickness of
approximately 200 A is depositad on the Si(100) wafer.

[0132] Although the subject matter described herein may be described in the context of
Hiustrative  implementations {0 process one or more  computing  application
featuras/opsrations for a computing application having user-interactive componenis the
subject matter is not limited to these particular embodiments. Rather, the technigues
described herein may be applied to any suilable type of user-interactive component
execution management methods, systems, platforms, andfor apparatus.

[0133] It will be understood that many additional changes in the details, materials, steps,
and arrangement of parts, which have been herein described and illustrated in order fo
explain the nature of the invention, may be made by those skilled in the art within the
principle and scops of the invention as expressed in the appended claims. Thus, the present
invention is not intended to be limited 1o the specific embodimenis in the examples given
above and/or the attached drawings.

[0134] While embodiments of this invention have been shown and described,
modifications thereof may be made by one skillad in the art without departing from the spirit
or teaching of this invention. The embodiments described herein 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
the embodiments described herein, butis only limited by the claims which follow, the scope
of which shall include all equivalents of the subject matter of the claims.
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What is claimed is:

1. A method for synthasizing 2 Group V element-containing compound, the method
comprising:

contacting A(SiRa)s with one, twa or three types of halo(poly)silane(s) either in series
or in a mixture, wherein the halo(poly)silane is selected from the group consisting of X-
SlaHoger, X-SipHan+t and X-SigHzeer; and

dehalosilvlating A(SiIRa3)s to form the Group V element-containing compound

{SiRa)amA(SicM2a: 1 )m,
(SiR3)2-n-pAB1aMHza e )a{SlpMopejp OF
A{SlaHoa+ 1 ){SipHzne s Y SicHacr1)
through the stepwise general reaction(s):
a). one-step reaction:
A{SiIRa)s + m X-SlaHzarr — (SiRa)a.mA(SlaHza41)m + M X-8iRy3,
b). two-step reactions:
A(SIR:): + n X-SlaHaart — (SiR3)30ABaH2a01 )0 + 1 X-SiRs
(SiRa)3nA(SiaHzar1 0 + p X-(SicHan+1) — (BiR3)an-pA{SHzae1 )a{SipHape o + p X-8iRs, or
¢). three-step reactions:
A(SIR3)z + X-SlaHzasrt — (SiR3)2A{SIaH2a+¢) + X-SiR3
{SiRs}2A(SlaHza01) + X-SipHapr — (SIR)A(SHoa01 H{SioHape1) + X-8iRs
{SiIR3)A(S Hoae ) SleMaper) + X-Sighoper — A{SIaHoae1 ){Slobopet ) SicHocsr} + X-8iR;3;
altermatively, through a one-pot regction with a mixture of two or three halo{poly)silanes:
A(SIR3)s + X X-8igHaass + ¥ X-SigHaps + 2 X-SicHaey —
ASiaMge1 )x{SloMape 1 1y(Slchzer 1) SiRs )y + (X + ¥ + Z) X-SiR3,

wherein

X=Cl, Brori

a={to6 b=1t0 c=108 axb=c

m=1103;

n=1t02,p=1w02 n+p=2103;

x=0103,y=0103,z=003, x+y+z=1i03;

A= a Group V element selected from As, P, Sb, Bi; and

R is selected from a Gy to Gy, linear, branched or cyclic alkyl, alkenyl, alkynyl group.

2. The method of claim 1, wherein a sclverd selected from an alkane or aromatic or a
haloalkylsilane solvent or a mixture thereof s added, wherein a ratic of the solvert {o
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A(SIRs)s is O - 99 wt%.

3. The method of claim 1, wherein a ratio of halo{poly)silane(s) to A{GiIRa)z rangas from
1:991099: 1.
4. The method of claim 1, wherein X is ChL

5. The method of claim 1, wherein the halo(poly)silaneg is Ci-SiHs, Cl-SizHs, or Cl-SisHy,

8. The method of claim 1, wherein R is a methy! group (Me).

!

The method of any one of claims 1 to 8, further comprising
separating the solvent and reaction products to isclate the Group V element-
containing compound, and

purifying the Group V element-containing compound.

8. The method of any one of daims 1 {0 6, wherein a purity of the Group V element-
containing compound is > 93%.

Q. The meathod of any one of claims 1 to 6 being a batch process.

14, The method of any one of claims 1 to 6, wherein the reactions are maintained at a
temperature ranging from -20°C to 150°C.

11, The method of any one of claims 1 to 8, wherein the Group V element-containing
compound is selected from P{SiHa)a, P(SIR3}(SiHa)2, P(SiRa)(SiHs), PSIR:){SiHs)s,
P(SiR2)2{SioHs), P(SizHs)s, P(SIR3)(SisHr)z, P(SIR2)2(SisHy), P(BisHr)s, As(SiHs)s,
As(SiR3)BiHa)e, As(BiRs){SiHs), As(SiR3)(SizHs)z, As(CiR:)2(SiaHs), As(SizHs)s,
AS(SIR:{SiaHr)2, AS{SiR)2(SisHr), As(SisHr)s, Sb(SiHs)s, SB{SIR:){SiHa)2,
Sb{SiRz)2Sikz), Sh{SIR:){(SiaHs)z, Sb{SiR)2ASizHs), Sh(SizHslz, SH{SIR:){SisH7)z,
Sb{SiR:)2({SisHy), Sh(SiaHyr)s, P(SIFaNSiHa)(SiaHs), P(SIR)SIH)SiaHy), P{SiHa){SizHs),
P{SiH:(8isHy), P(SiH3)(SizHs)z, P(SIH)(SiHsYSisH7), PSiH:)(SisHr)z, P{SiaHs)(SiaHy),
P(SizHs){SisHr)z, AS(SIRaHSiH)(SiaHs), AS(SIRNSiH)(SisHy), As(SiHz)(SizHs),
AS(SiHaa(SisHr), As{SiHs)(SiaHs)z, As(SiH:)SiaHs}SisHy), As(SiH:)(SiaHr)2,
As{SizHs)2(SlaHy), As(SixHs)(BisH7)z, Sh{SiIR:){SIH)SizHs), Sh(SIRa}(SiH:)(SiHy,
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Sh{SiHa)a(SixHs), SH{BiH:)(SisHy), Sh{SiH)(SizHs)z, Sh{SiH:){BizHs)(SisH7),
Sb(SiHa){SisHr)2, Sh(SiaHs)(SisHy), or Sh{SiaHs}{SisH7)z, wherein R is selectad from Me,
Ef, nPr, 1P 1Bu, nBu, iBu or sBu.

12.  The method of any one of claims 1 to 8, wherein the Group V element-coniaining
compound is selected from, when R is Me, P(SiHs)s, P{TMS)(SiHs), P{TMS)2(SiHs),
P{TMS)SizHs)2, P{TME)2(8izHs), P(SiaMHs)2, P{TMSHSisHr )z, P(TMS)2{SisHy), P(SiaHz)s,
As{SiHz}a, AS(TMS)SiH:)z, AS{TMS)2(SiH3), AS{TMSHSiaHs)z, As{TMS)2(SizHs),
AsS(SkaHs)s, As{TMS)(SiaHr)e, As{TMS)2(SisHy), As{SisHy)a, Sb(SiHz)s, Sh{TMSNHSIH:)2,
Sh{TMS)2(SiHs), Sb{TMSYSizHs)z, SH{TMSE)2(SizHs), Sh(SixHs)s, Sh{TMS)(SiaH7),
Sh{TMSE)2(SisHy), Sb{SiaHy)s, PITMSHEIH)GiHs), PTMS)GiH3){(SiaHr), P(SiHz}(SioHs),
P(SiHa)(SisHy), P{SiH(SiaHs)z, PSIH)(SizHs}(SiaHy), PSIH){SisHy)2, P(SiaHs}2(SisHy),
P(SizHs)BiatHr )2, As(TMSBYSiH:)(SizHs), As{TMSHSiH)(SisHyr), As(SiHa)aSizHs),
As(SiHs)a(SisHy), As(SiHaXSiHs)2, As(SiHNSizHsHSiaH7, As(SiHs)(SiaHr)s,
AS(SiaHs)2(SiaH7), As(SiaHs}SiaHyr)2, SETMS)(SiH3)(SizHs), SE{TMS)(SiH){(SiaHy),
Sh{SiH3)2(SizHz}, SB{SiH)A{SizH7), Sh(SiH:}(SiaHz}z, Sh{SiH){(SizHs)(SizHy),
Sh{SiHa){(SizHy )2, Sh{SizHs){SisHy), or Sh{SizHs)(SisHy)z.

13, The method of any one of claims 1 to 8, wherein the Group V element-containing
compound is, when A = P, selected from the group consisting of P(SiHa)s, P{TMS){SiHs)z,
P{TMS)2(Sits), P(TMS)(SipHs)z, P(TMS)2(SiaHz), P(SiaHs)s, PTMS)ShalHe)2,
P{TMS)2(8iaH7}, P(SiaHys, P{TMSHSiHs)SiaHs), PTMS(SiHa){(SiaH7), P(SiHs)e(SizHs),
P{SiH:)2{SisHy), P(SiHa){SizHs)z, P(SIH:)(SizHs)(SizHy), PSIH:)(SisHy )z, P(SiaHs){SisHy)
and P(SiHs){SisH7)2

14, A Group V element-containing compound, the Group V elemeni-containing
compound having the formula:
(SiR3)s.mA{SiaHza 1 )m,
{SiR3)3.0-pA(SlaHzar1 o SieHanri Jp OF
A(SlH 250 ){SlgHzpe1 Y SicHace 1)

wherain
a=1f06b=1t006,c=1106 azb=g
m=1103;

n=fwZp=lo2 n+p=2t03;
A= a Group V element selected from As, P, Sb, Bi; and
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R is selected from a C, to Coy, iinear, branched or cyclic alky!, alkenyl, alkynyi
group;

provided that if A = Asg, then As(SiHs)s is excluded; if A = P, then P(GiHs)s,
P(SiH;)2(SizHs), P(SiHa}SizHs)e, P(SiHs)s, and P(SiHs){TMS) are excluded;
and if A = 3b, then Sb(SiHs)s is excluded.

15.  The Group V element-containing compound of claim 14, wherein a purity of the

Group V glement-containing compound is > 898%.
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