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VAPOR DEPOSITION PROCESSES FOR FORMING 

SILICON-AND NITROGEN-CONTAINING THIN FILMS 

Cross Reference to Related Applications 
[0001] The present application claims the benefit of PCT App. No. 

PCT/US2016/025010 filed March 30, 2016 and U.S. App. No. 14/738,039 filed June 

12, 2015, both being herein incorporated by reference in their entireties for all 

purposes. 

Technical Field 
[0002] ALD processes for forming the silicon and nitrogen containing films using 

mono-substituted TSA precursors are disclosed. The mono-substituted TSA 

precursors have the formula: (SiH3)2N-SiH2-X, wherein X is a halogen atom or an 

amino group. 

Background 
[0003] A variety of silicon containing precursor have been used to deposit Si-

containing thin films on various substrates by vapor deposition processes. The 

choice of the suitable silicon precursor and, when applicable, of the co-reactant are 

generally driven by the target film composition and properties, as well as by the 

constraints brought by the substrate on which the film is to be deposited. Some 

substrates may require low temperature deposition processes. For instance, 

deposition on plastic substrates or Si substrates coated with organic films may 
require deposition temperatures below 100°C (i.e., 20°C-100°C), while maintaining a 

reasonable deposition rate to be of industrial interest. Such films may be used as 

spacer-defined lithography application in semiconductor fabrication, but also for 

sealing organic light-emitting diode (OLED) devices or creating moisture diffusion 

barriers on films. Similar constraints at different temperature ranges appear in the 

different steps of semiconductor manufacturing, such as, capping layers over metals, 

gate spacers, etc. 

[0004] W02015/190749 to DNF Co., Ltd., discloses Amino-silyl Amine 

Compounds and the Manufacturing Method of Dielectric Film Containing Si-N Bond 

by Using Atomic Layer Deposition. W02015/047914 to Sanchez and Girard disclose 

Amine Substituted Trisilylamine and Tridisilylamine Compounds. US2014/0363985 
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to DNF Co., Ltd., discloses Amino-silyl Amine Compounds, Methods for Preparing 

the Same and Silicon-containing Thin-Film Using the Same. US5413813 to Cruse et 

al. disclose CVD of silicon-based ceramic materials on internal surfaces of a reactor 

using, among others, R3Si-N(X)-SiR3, wherein each R is H, C1-20alkyl, halogen 

(preferably CI) or NR2 and X is H, Li, or SiR3. US2014/0158580A to Air Products and 

Chemicals, Inc., describes Alkoxysilylamine Compounds and Applications Thereof. 

US 7,122,222, also to Air Products and Chemicals, Inc., discloses Precursors for 

Depositing Silicon Containing Films and Processes Thereof. Silazane compounds 

N-(SiR1R2R3)mR43-m disclosed in W02013/058061 are used as a coating gas. 

(RR1R2Ma)yA(R3)x disclosed in US 5,332,853 is used as a catalytic compound to 

produce a functionalized alkylalkali metal compound. Similar patents include US 

5663398A, US 5332853A, US 5340507A, and EP 525881 A1. 

[0005] Industries using vapor-based deposition processes such as CVD or ALD 

(in all possible meanings, such as LPCVD, SACVD, PECVD, PEALD, etc.) are still 

looking for precursors that are ideal for their applications, i.e. having the highest 

possible deposition rates within the constraints of their processes, substrates and 

film targets. 

Summary 
[0006] Disclosed are Si-containing film forming compositions comprising a mono-

substituted TSA precursor having the formula (SiH3)2NSiH2-X, wherein X is a 

halogen atom selected from CI, Br or I; an isocyanato group [-NCO]; an amino group 

[-NR1R2]; a N-containing C4-C10 saturated or unsaturated heterocycle; or an alkoxy 

group [-0-R]; R1, R2and R is independently selected from H; a silyl group [-SiR'3]; or 

a CrC6 linear or branched, saturated or unsaturated hydrocarbyl group; with each R' 

being independently selected from H; a halogen atom selected from CI, Br, or I; a C1-

C4 saturated or unsaturated hydrocarbyl group; a C1-C4 saturated or unsaturated 

alkoxy group; or an amino group [-NR3R4] with each R3 and R4 being independently 

selected from H and a Ci-C6 linear or branched, saturated or unsaturated 

hydrocarbyl group, provided that if R1 = H, then R2^ H, Me or Et. The disclosed Si-

containing film forming compositions may include one or more of the following 

aspects: 

• the mono-substituted TSA precursor wherein X is a halogen atom; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-CI; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-Br; 
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• the mono-substituted TSA precursor being (SiH3)2N-SiH2-l; 

• the mono-substituted TSA precursor wherein X is a isocyanate -NCO (i.e., 

being (SiH3)2N-SiH2-NCO); 

• the mono-substituted TSA precursor wherein X is an amino group [-NR1R2]; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NMe2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NMeEt; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NEt2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NiPr2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NHiPr; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NMeiPr; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NEtiPr; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NHtBu; 

• the mono-substituted TSA precursor not being (SiH3)2~N~SiH2-

N(SiH3)(SiH2(NHEt)) (i.e., when X=NR1R2 and R1 is SiH3 and R2 is NHEt); 

• the mono-substituted TSA precursor wherein X is -N(SiR3)2, wherein each R 

is independently selected from a halogen, H, or a C1-C4 alkyl group; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiCI3)2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiBr3)2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(Sil3)2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiH3)2; 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH2CI); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH2(NEt2); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-

N(Si00483)(SiH2(NiPr2); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-

N(SiH3)(SiH2(NHtBu); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH2OEt); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH20iPr); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiMe3)2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NH(SiMe3); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiEt3)2; 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiMe2Et)2; 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiMe2iPr)2; 

3 



WO 2016/201320 PCT/US2016/037013 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiMe2nPr)2;. 

• the mono-substituted TSA precursor wherein X is a N-containing C4-C10 

heterocycle; 

• the mono-substituted TSA precursor wherein the N-containing C4-C10 

heterocycle is selected from pyrrolidine, pyrrole, and piperidine; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(pyrrolidine); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(pyrrole); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(piperidine); 

• the mono-substituted TSA precursor wherein X is an alkoxy group [-0-R]; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OH); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OMe); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OEt); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OiPr); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OnPr); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OtBu); 

• the mono-substituted TSA precursor wherein X is -0-SiR3 and each R is 

independently selected from H, a halogen, or a C1-C4 hydrocarbyl group; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OSiH3); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OSiCI3); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OSiBr3); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OSil3); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OSiMe3); 

• the Si-containing film forming composition comprising between approximately 

95% w/w and approximately 100% w/w of the precursor; 

• the Si-containing film forming composition comprising between approximately 

5 % w/w and approximately 50% w/w of the precursor; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Al; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw As; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Ba; 
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the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Be; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Bi; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Cd; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Ca; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Cr; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Co; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Cu; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Ga; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Ge; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Hf; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Zr; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw In; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Fe; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Pb; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Li; 

the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Mg; 

5 
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• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Mn; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw W; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Ni; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw K; 

• the o Si-containing film forming composition comprising between 

approximately 0 ppbw and approximately 500 ppbw Na; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Sr; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Th; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Sn; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Ti; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw U; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw V; 

• the Si-containing film forming composition comprising between approximately 

0 ppbw and approximately 500 ppbw Zn; 

• the Si-containing film forming organosilane composition comprising between 

approximately 0 ppmw and approximately 500 ppmw CI; 

• the Si-containing film forming composition comprising between approximately 

0 ppmw and approximately 500 ppmw Br; 

• the Si-containing film forming composition comprising between approximately 

0 ppmw and approximately 500 ppmw I; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w TSA; 

6 
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• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w (SiH3)2-N-SiH2X, wherein X is CI, Br, or I; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w (SiH3)2-N-SiHX2, wherein X is CI, Br, or I; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1 % w/w SiH4; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w SiH3X, wherein X is CI, Br, or I; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w SiH2X2, wherein X is CI, Br, or I; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w SnX2, wherein X is CI, Br, or I; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w SnX4, wherein X is CI, Br, or I; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w HX, wherein X is CI, Br, or I; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1 % w/w NH3; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w NH4X, wherein X is CI, Br, or I; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w ROH, wherein R is C1-C4 alkyl group; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w NH2R, wherein R is a C1-C4 alkyl group; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w NR2H, wherein R is a C1-C4 alkyl group; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w HN=R, wherein R is a C1-C4 alkyl group; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w tetrahydrofuran (THF); 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1 % w/w ether; 
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• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1 % w/w pentane; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1 % w/w cyclohexane; 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1% w/w heptane; or 

• the Si-containing film forming composition comprising between approximately 

0.0% w/w and 0.1 % w/w toluene. 

[0007] Also disclosed are Si-containing film forming composition delivery devices 

comprising a canister having an inlet conduit and an outlet conduit and containing 

any of the Si-containing film forming compositions disclosed above. The disclosed 

device may include one or more of the following aspects: 

• the Si-containing film forming composition having a total concentration of 

metal contaminants of less than 10 ppmw; 

• an end of the inlet conduit end located above a surface of the Si-containing 

film forming composition and an end of the outlet conduit located below the 

surface of the Si-containing film forming composition; 

• an end of the inlet conduit end located below a surface of the Si-containing 

film forming composition and an end of the outlet conduit located above the 

surface of the Si-containing film forming composition; 

• further comprising a diaphragm valve on the inlet and the outlet; 

• the Si-containing film forming composition being (H3Si)2N-SiH2(NEt2),; 

• the Si-containing film forming composition being (H3Si)2N-SiH2(NiPr2); 

• the Si-containing film forming composition being (H3Si)2N-SiH2CI; and 

• the Si-containing film forming composition being (H3Si)2N-SiH2(N(SiMe3)2. 

[0008] Also disclosed are methods of depositing a Si-containing layer on a 

substrate. The composition disclosed above is introduced into a reactor having a 

substrate disposed therein. At least part of the mono-substituted TSA precursor is 

deposited onto the substrate to form the Si-containing layer using a vapor deposition 

method. The disclosed methods may have one or more of the following aspects: 

• introducing into the reactor a vapor comprising a second precursor; 
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• an element of the second precursor being selected from the group consisting 

of group 2, group 13, group 14, transition metal, lanthanides, and 

combinations thereof; 

• the element of the second precursor being selected from As, B, P, Si, Ge, Al, 

Zr, Hf, Ti, Nb, Ta, or lanthanides; 

• introducing a reactant into the reactor; 

• the reactant being selected from the group consisting of O2, O3, H20, H2O2, 

NO, NO2, a carboxylic acid, an alcohol, a diol, radicals thereof, and 

combinations thereof; 

• the reactant being plasma treated oxygen; 

• the Si-containing layer being a silicon oxide containing layer; 

• the reactant being selected from the group consisting of N2,H2, NH3, 

hydrazines (such as N2H4, MeHNNH2, MeHNNHMe), organic amines (such as 

NMeH2, NEtH2, NMe2H, NEt2H, NMe3, NEt3, (SiMe3)2NH), pyrazoline, 

pyridine, diamines (such as ethylene diamine), radical species thereof, and 

mixtures thereof; 

• the vapor deposition method being a chemical vapor deposition process; 

• the vapor deposition method being an ALD process; 

• the vapor deposition method being a spatial ALD process; 

• the vapor deposition process being a flowable CVD process; 

• the silicon-containing layer being Si; 

• the silicon-containing layer being Si02; 

• the silicon-containing layer being SiN; 

• the silicon-containing layer being SiON; 

• the silicon-containing layer being SiOC; 

• the silicon-containing layer being SiOCN; 

• the silicon-containing layer being SiCN; 

• thermal annealing the Si-containing layer; 

• thermal annealing the Si-containing layer under a reactive atmosphere; 

• UV curing the Si-containing layer; and 

• Electron beam curing the Si-containing layer. 

[0009] Also disclosed are nitrogen-doped silicon oxide films formed by the 

process of introducing into a reactor containing a substrate a vapor including a 
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mono-substituted TSA precursor to form a silicon-containing layer on the substrate; 

reacting an oxidizing agent with the silicon-containing layer to form an oxidized 

silicon-containing layer by introducing the oxidizing agent into the reactor; reacting 

the mono-substituted TSA precursor with the oxidized silicon-containing layer to form 

a silicon-rich oxidized silicon-containing layer by introducing the mono-substituted 

TSA precursor into the reactor; and reacting a nitrogen-containing reactant with the 

silicon-containing layer to form the nitrogen-doped silicon oxide film by introducing 

the nitrogen-containing reactant into the reactor. The mono-substituted TSA 

precursors have a formula (SiH3)2N-SiH2-X, wherein X is selected from a halogen 

atom selected from CI, Br or I; an isocyanato group [-NCO]; an amino group [-

NR1R2]; a N-containing C4-C10 saturated or unsaturated heterocycle; or an alkoxy 

group [-0-R]; R1, R2and R each is selected from H; a C1-C6 linear or branched, 

saturated or unsaturated hydrocarbyl group; or a silyl group SiR'3 with each R' being 

independently selected from H; a halogen atom selected from CI, Br, or I; a C1-C4 

saturated or unsaturated hydrocarbyl group; a C1-C4 saturated or unsaturated alkoxy 

group; or an amino group -NR3R4 with each R3 and R4 being selected from H or a 

C1-C6 linear or branched, saturated or unsaturated hydrocarbyl group, provided that 

if R1 = H, then R2^ H or Me. The process to produce the disclosed nitrogen-doped 

silicon oxide films may include one or more of the following aspects: 

• purging the reactor with an inert gas between each introduction step; 

• the mono-substituted TSA precursor wherein X is a halogen atom; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-CI; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-Br; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-l; 

• the mono-substituted TSA precursor wherein X is a isocyanate -NCO (i.e., 

being (SiH3)2N-SiH2-NCO); 

• the mono-substituted TSA precursor wherein X is an amino group [-NR1R2]; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NiPr2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NHiRr; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NHtBu; 

• the mono-substituted TSA precursor not being (SiH3)2-N-SiH2-

IM(SiH3)(SiH2(NHEt)) (i.e., when X=NR1R2 and R1 is SiH3 and R2 is NHEt); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NEt2; 
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• the mono-substituted TSA precursor being (SiH3)2N-SiH2 NEtMe; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2 NMe2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2 NMeiPr 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2 NEtiPr 

• the mono-substituted TSA precursor wherein X is -N(SiR3)2, wherein each R 

is independently selected from a halogen, H, or a C1-C4 alkyl group; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiCI3)2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiBr3)2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(Sil3)2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiH3)2; 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH2CI); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH2(NEt2); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-

N(SiH3)(SiH2(NiPr2); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-

N(SiH3)(SiH2(NHtBu); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH2OEt); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH20iPr); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiMe3)2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NH(SiMe3); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiEt3)2; 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiMe2Et)2; 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiMe2iPr)2; 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiMe2nPr)2;. 

• the mono-substituted TSA precursor wherein X is a N-containing C4-C10 

heterocycle; 

• the mono-substituted TSA precursor wherein the N-containing C4-C10 

heterocycle is selected from pyrrolidine, pyrrole, and piperidine; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(pyrrolidine); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(pyrrole); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(piperidine); 

• the mono-substituted TSA precursor wherein X is an alkoxy group [-0-R]; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OH); 
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• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OMe); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OEt); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OiPr); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OnPr); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OtBu); 

• the mono-substituted TSA precursor wherein X is -0-SiR3 and each R is 

independently selected from H, a halogen, or a C1-C4 hydrocarbyl group; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OSiH3); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OSiCI3); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OSiBr3); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OSil3); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-(OSiMe3); 

• the reactant being selected from the group consisting of 02, 03, H20, H202, 

NO, N02, a carboxylic acid, an alcohol, a diol, radicals thereof, and 

combinations thereof; and 

• the reactant being selected from the group consisting of N2,H2, NH3, 

hydrazines (such as N2H4, MeHNNH2, MeHNNHMe), organic amines (such as 

NMeH2, NEtH2, NMe2H, NEt2H, NMe3, NEt3, (SiMe3)2NH), pyrazoline, 

pyridine, diamines (such as ethylene diamine), radical species thereof, and 

mixtures thereof. 

[0010] Also disclosed are silicon- and nitrogen-containing film formation 

processes. The silicon- and nitrogen-containing films are deposited on a substrate 

by introducing a vapor of any of the mono-substituted TSA precursors disclosed 

above and a nitrogen-containing reactant into a reactor containing the substrate. 

The disclosed processes may include one or more of the following aspects: 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-CI; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-Br; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-l; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NMe2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NMeEt; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NEt2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NiPr2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NHiPr; 
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the mono-substituted TSA precursor being (SiH3)2N-SiH2-NMeiPr; 

the mono-substituted TSA precursor being (SiH3)2N-SiH2-NEtiPr; 

the mono-substituted TSA precursor being (SiH3)2N-SiH2-NHtBu; 

the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiCI3)2; 

the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiBr3)2; 

the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(Sil3)2; 

the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiH3)2; 

the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH2CI); 

the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH2(NEt2); 

the mono-substituted TSA precursor being (SiH3)2-N-SiH2-

N(Si00483)(SiH2(NiPr2); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-

N(SiH3)(SiH2(NHtBu); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH2OEt); 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiH3)(SiH20iPr); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiMe3)2; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-NH(SiMe3); 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-N(SiEt3)2; 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiMe2Et)2; 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiMe2iPr)2; 

• the mono-substituted TSA precursor being (SiH3)2-N-SiH2-N(SiMe2nPr)2;. 

• the nitrogen-containing reactant being selected from the group consisting of 

ammonia, N2, N atoms, N radicals, N ions, saturated or unsaturated hydrazine, 

amines, diamines, ethanolamine, and combinations thereof; 

• the nitrogen-containing reactant being ammonia; 

• the nitrogen-containing reactant being plasma N2; and 

• the silicon and nitrogen containing film being silicon nitride. 

[0011] Also disclosed are ALD silicon nitride film formation processes. A silicon 

nitride film having an etch rate from 0.1% w/w HF normalized to thermally grown 

silicon oxide in a range from approximately 0.7 to approximately 3.5 is deposited on 

a substrate by sequentially introducing a vapor of a mono-substituted TSA precursor 

and a nitrogen-containing reactant into a reactor containing the substrate, the mono-
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substituted TSA precursor having a formula (SiH3)2N-SiH2-X, wherein X is a halogen 

atom. The disclosed processes may include one or more of the following aspects: 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-CI; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-Br; 

• the mono-substituted TSA precursor being (SiH3)2N-SiH2-l; 

• the nitrogen-containing reactant being selected from the group consisting of 

ammonia, N2, N atoms, N radicals, N ions, saturated or unsaturated hydrazine, 

amines, diamines, ethanolamine, and combinations thereof; 

• the nitrogen-containing reactant being ammonia; and 

• the nitrogen-containing reactant being plasma N2. 

Notation and Nomenclature 
[0012] Certain abbreviations, symbols, and terms are used throughout the 

following description and claims, and include: 

[0013] As used herein, the indefinite article "a" or "an" means one or more than 

one. 

[0014] As used herein, the terms "approximately" or "about" mean ±10% of the 

value stated. 

[0015] As used herein, the term "independently" when used in the context of 

describing R groups should be understood to denote that the subject R group is not 

only independently selected relative to other R groups bearing the same or different 

subscripts or superscripts, but is also independently selected relative to any 

additional species of that same R group. For example in the formula MR1X (NR2R3)(4. 

X), where x is 2 or 3, the two or three R1 groups may, but need not be identical to 

each other or to R2 or to R3. Further, it should be understood that unless specifically 

stated otherwise, values of R groups are independent of each other when used in 

different formulas. 

[0016] As used herein, the term "hydrocarbyl" means a functional group 

containing exclusively hydrogen and carbon atoms. The functional group may be 

saturated (containing only single bonds) or unsaturated (containing double or triple 

bonds). 

[0017] As used herein, the term "alkyl group" refers to saturated hydrocarbyl 

functional groups containing exclusively carbon and hydrogen atoms. Further, the 
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term "alkyl group" refers to linear, branched, or cyclic alkyl groups. Examples of 

linear alkyl groups include without limitation, methyl groups, ethyl groups, n-propyl 

groups, n-butyl groups, etc. Examples of branched alkyls groups include without 

limitation, iso-propyl, t-butyl. Examples of cyclic alkyl groups include without 

limitation, cyclopropyl groups, cyclopentyl groups, cyclohexyl groups, etc. 

[0018] As used herein, the term "aryl" refers to aromatic ring compounds where 

one hydrogen atom has been removed from the ring. As used herein, the term 

"heterocycle" refers to a cyclic compound that has atoms of at least two different 

elements as members of its ring. 

[0019] As used herein, the abbreviation "Me" refers to a methyl group; the 

abbreviation "Et" refers to an ethyl group; the abbreviation "Pr" refers to any propyl 

group (i.e., n-propyl or isopropyl); the abbreviation "iPr" refers to an isopropyl group; 

the abbreviation "Bu" refers to any butyl group (n-butyl, iso-butyl, t-butyl, sec-butyl); 

the abbreviation "tBu" refers to a tert-butyl group; the abbreviation "sBu" refers to a 

sec-butyl group; the abbreviation "iBu" refers to an iso-butyl group; the abbreviation 

"Ph" refers to a phenyl group; the abbreviation "Am" refers to any amyl group (iso-

amyl, sec-amyl, tert-amyl); the abbreviation "Cy" refers to a cyclic alkyl group 

(cyclobutyl, cyclopentyl, cyclohexyl, etc.); and the abbreviation "Ramd" refers to an R-

N-C(Me)-N-R amidinate ligand, with R being an alkyl group (e.g., lPramd is iPr-N-

C(Me)-N-iPr). 

[0020] As used herein, the acronym "SRO" stands for a Strontium Ruthenium 

Oxide film; the acronym "HCDS" stands for hexachlorodisilane; the acronym "PCDS" 

stands for pentachlorodisilane; the acronym "OCTS" stands for n-

octyltrimethoxysilane; the acronym "TSA" stands for trisilylamine or N(SiH3)3; the 

acronym "DSA" stands for disilylamine or HN(SiH3)2; and the acronym "PTFE" stands 

for Poiytetrafiuoroethyiene. 

[0021] As used herein, the acronym "LCD-TFT" stands for liquid-crystal display-

thin-film transistor; the acronym "MIM" stands for Metal-insulator-metal; the acronym 

"DRAM" stands for dynamic random-access memory; the acronym "FeRAM" stands 

for Ferroelectric random-access memory; the acronym "OLED" stands for organic 

light-emitting diode; the acronym "seem" stands for standard cubic centimeter; and 

the acronym "GCMS" stands for Gas Chromatography-Mass Spectrometry. 

[0022] As used herein, the terms "sequential" or "sequentially" means 

consecutive, or following one another. With reference to the claimed process, the 
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term "sequentially" refers to the atomic layer deposition process of repetitively 

reacting a precursor with a substrate to form a reacted layer followed by reacting a 

reactant with the reacted layer. This may be accomplished either by separate and 

sequential injection of the precursor followed by the reactant or by rotating the 

substrate below, or showerhead above, a substrate so that the portions of the 

substrate are sequentially contacted by the precursor then (sequentially) the 

reactant. 

[0023] The standard abbreviations of the elements from the periodic table of 

elements are used herein. It should be understood that elements may be referred to 

by these abbreviations (e.g., Si refers to silicon, N refers to nitrogen, O refers to 

oxygen, C refers to carbon, etc.). 

[0024] Please note that the films or layers deposited, such as silicon oxide, are 

listed throughout the specification and claims without reference to their proper 

stoichoimetry (i.e., Si02). The layers may include pure (Si) layers, silicide (M0Sip) 

layers, carbide (Si0Cp) layers, nitride (SikN|) layers, oxide (SinOm) layers, or mixtures 

thereof; wherein M is an element and k, I, m, n, o, and p inclusively range from 1 to 

6. For instance, cobalt silicide is CokSii, where k and I each range from 0.5 to 5. 

Similarly, any referenced layers may also include a Silicon oxide layer, SinOm, 

wherein n ranges from 0.5 to 1.5 and m ranges from 1.5 to 3.5. More preferably, the 

silicon oxide layer is Si02 or Si03. 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 II or III material by Applied Materials, 

Inc. Alternatively, any referenced silicon-containing layer may be pure silicon. Any 

silicon-containing layers may also include dopants, such as B, C, P, As and/or Ge. 

[0025] Any and all ranges recited herein are inclusive of their endpoints (i.e., x=1 

to 4 includes x=1, x=4, and x=any number in between), irrespective of whether the 

term "inclusively" is used. 

Brief Description of the Drawings 
[0026] For a further understanding of the nature and objects of the present 

invention, reference should be made to the following detailed description, taken in 

conjunction with the accompanying figure wherein: 

[0027] FIG. 1 is a side view of one embodiment of the Si-containing film forming 

composition delivery device 1; 
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[0028] FIG. 2 is a side view of a second embodiment of the Si-containing film 

forming composition delivery device 1; 
[0029] FIG 3 is a diagram of the Picosun R200 PEALD 8" deposition tool used to 

perform the depositions in Examples 4-6; 

[0030] FIG 4 is a graph the ALD growth rate of silicon oxide films as a function of 

the number of precursor pulses using the precursor (SiH3)2N-SiH2-NiPr2 (TSA-NiPr2); 

[0031] FIG 5 is a graph of the ALD growth rate of silicon oxide thin film as a 

function of the temperature using the precursor TSA-NiPr2; 

[0032] FIG 6 is a graph the ALD growth rate of silicon oxide films as a function of 

the number of precursor pulses and the temperature using the precursor (SiH3)2N-SiH2-

N(SiH3)2; 

[0033] FIG 7 is a graph the ALD growth rate of silicon oxide films as a function of 

the number of precursor pulses using the precursor (SiH3)2N-SiH2-NEt2 (TSA-NEt2); 

[0034] FIG 8 is a graph the ALD growth rate of silicon oxide films as a function of 

substrate temperature using the precursor (SiH3)2N-SiH2-CI (TSA-CI); 

[0035] FIG 9 is a X-ray Photoelectron Spectroscopy (XPS) graph showing the film 

composition of a film deposited by thermal low vapor pressure CVD using TSA-CI 

and NH3 at 1 torr, 550°C, and a precursor to NH3 ratio of 1:20. CI was below the 

detection limit of the analyser (< ~ 1%). The deposition rate was 10 Ang/min and the 

Refractive Index of the obtained film was 2.1. For comparison, films obtained in the 

same conditions with TSA had a Rl of 2.2 (silicon rich) and a similar deposition rate; 

[0036] FIG 10 is a graph demonstrating the comparative wet etch rate of silicon 

oxide films deposited using 25 W plasma and 100 W plasma normalized against 

thermally grown silicon oxide (Th-Ox); 

[0037] FIGS 11a and b are Scanning Electron Microscope (SEM) images 

showing the SiN film obtained by PE-ALD with TSA-CI / N2 plasma at 250°C, 

indicating a high step coverage in a 5:1 high aspect ratio structure. The pictures are 

taken at the top and middle/bottom of the trench structure; 

[0038] FIGS 12 a and b are SEM images showing the silicon oxide film obtained 

by spatial ALD with TSA-NiPr2 / O2 plasma at 60 cycles per minute, 100°C, indicating 

a perfect step coverage in a 22:1 high aspect ratio structure. A clear underlying 

Ta205 layer was added for contrast enhancement. The pictures are taken at the top 

and bottom of the trench structure; and 
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[0039] FIGS 13 a and b are graphs showing the thermal stability of TSA-NiPr2 

and TSA-NEt2 [(H3Si)2-N-SiH2-NEt2], respectively, by thermal screening unit. In such 

a measurement, the pressure of a sealed sample is measured continuously during 

24 hours at a set temperature (here 65°C). A lack of significant pressure change 

indicates product stability. The observed P oscillation are insignificant here and 

associated with minute T variations. 

Description of the Preferred Embodiments 
[0040] Disclosed are Si-containing film forming compositions comprising mono-

substituted TSA precursors having a Si-C bond free backbone and a single 

chemically functionalized site to enable a high surface reactivity. Mono-substituted 

TSA precursors having a number of silicon atoms higher than 1, and preferably 

higher than 2, without a direct Si-C bond, and being polar molecules may have an 

enhanced reactivity to a substrate surface to enable a fast deposition rate. The 

mono-substituted TSA precursors have the general formula: 

(SiH3)2N-SiH2-X 

wherein X is selected from a halogen atom selected from CI, Br or I; an isocyanato 

group [-NCO]; an amino group [-NR1R2]; a N-containing C4-C10 saturated or 

unsaturated heterocycle; or an alkoxy group -O-R; each R1, R2and R selected from 

a H; a silyl group (SiR'3); or a Ci-C6 linear or branched, saturated or unsaturated 

hydrocarbyl group; with each R' being independently selected from H; a halogen 

atom selected from CI, Br, or I; a C1-C4 saturated or unsaturated hydrocarbyl group; 

a C1-C4 saturated or unsaturated alkoxy group; or an amino group [-NR3R4], with 

each R3 and R4 being independently selected from H or a Ci-C6 linear or branched, 

saturated or unsaturated hydrocarbyl group; provided that if R1 = H, then R2^ H, Me, 

or Et. The C1-C6 linear or branched, saturated or unsaturated hydrocarbyl group may 

contain amines or ethers. Alternatively, R1 and R2 may be independently selected 

from Me, Et, iPr, nPr, tBu, nBu, and secBu. 

[0041] Applicants believe that the disclosed Si-containing film forming 

compositions are particularly well suited for flowable CVD processes because the 

mono-substituted TSA precursors contain little to no carbon. Additionally, the mono-

substituted TSA precursors have a lower vapor pressure than TSA and, as a result, 

may more easily condense and provide a higher deposition rate. Finally, the mono-
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substituted TSA structure is close to that of oligomers formed during flowable 

process. 

[0042] The disclosed mono-substituted TSA precursors contain two or three 

hydrogen atoms directly bonded to each Si atom. These Si-H bonds help increase 

the volatility of the precursor, which is important for vapor deposition processes. 

[0043] When X is a halide, exemplary Si-containing film forming compositions 

include (SiH3)2-N-SiH2CI, (SiH3)2-N-SiH2Br, or (SiH3)2-N-SiH2l. Halides are known for 

their high reactivity. Applicants believe that the halide on the disclosed mono-

substituted TSA precursors may help to improve volatility and the deposition rate as 

compared to the non-halogenated analogs. These compositions may be synthesized 

according to the reaction: SnX4 + N(SiH3)3 -> N(SiH3)2(SiH2X) + SnX2j + HX, 

wherein X is CI, Br, or I (see J. Chem. Soc. Dalton Trans. 1975, p. 1624). 

Alternatively, dihalosilane [SiH2X2, wherein X is CI, Br, or I] and monohalosilane 

[SiH3X, wherein X is CI, Br, or I] may be introduced continuously in the gas phase in 

a 1/20 to % ratio and at room temperature with 400 seem of NH3 in a flow-through 

tubular reactor as described by Miller in U.S. Pat. No. US 8,669,387. The reaction of 

NH3 with 2 equivalents of monohalosilane produces mostly disilylamine (DSA). DSA 

then reacts with the dihalosilane to form (SiH3)2-N-SiH2X and HX, wherein X is CI, 

Br, or I. One of ordinary skill in the art would recognize that the reaction may take 

place in one or two steps (first forming DSA from the monohalosilane and NH3 and 

second adding dihalosilane) or in one step (combining the monohalosilane, 

dichlorosilane, and NH3 in one step). 

[0044] When X is an isocyanato group [-NCO], exemplary Si-containing film 

forming compositions include (SiH3)2-N-SiH2(NCO). This composition may be 

synthesized using dehydrogenerative coupling according to the method disclosed by 

Taniguchi etal. in Angewandte Communications, Angew. Chem. Int. Ed. 2013, 52, 1-

5, the teachings of which are incorporated herein by reference. More particularly, 

(SiH3)3N may be reacted with urea (NH2CONH2) to form (SiH3)2-N-SiH2(NCO)+H2 in 

the presence of gold nanoparticles supported on alumina. 

[0045] When X is an amino group [-NR1R2], exemplary Si-containing film forming 

compositions include (SiH3)2-N-SiH2(NMe2), (SiH3)2-N-SiH2(NMeEt), (SiH3)2-N-

SiH2(NEt2), (SiH3)2-N-SiH2(NiPr2), (SiH3)2-N-SiH2(NHiPr), (SiH3)2-N-SiH2(NMeiPr), 

(SiH3)2-N-SiH2(NEtiPr), (SiH3)2-N-SiH2(NHtBu), (SiH3)2-N-SiH2[N(SiH3)2], (SiH3)2-N-

SiH2[N(SiH3)(SiH2CI)], (SiH3)2-N-SiH2[N(SiH3)(SiH2(NEt2))], (SiH3)2-N-
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SiH2[N(SiH3)(SiH2(NiPr2))], (SiH3)2-N-SiH2[N(SiH3)(SiH2(NHtBu»], (SiH3)2-N-

SiH2[N(SiH3)(SiH2OEt)], (SiH3)2-N-SiH2[N(SiH3)(SiH20iPr)], (SiH3)2-N-

SiH2[N(SiMe3)2], (SiH3)2-N-SiH2[NH(SiMe3)], (SiH3)2-N-SiH2[N(SiEt3)2), (SiH3)2-N-

SiH2[N(SiMe2Et)2), (SiH3)2-N-SiH2[N(SiMe2iPr)2), (SiH3)2-N-SiH2[N(tBu)(SiH3)), 

(SiH3)2-N-SiH2[N(SiMe2nPr)2), (SiH3)2N-SiH2 NEtMe, (SiH3)2N-SiH2 NMe2, (SiH3)2N-

SiH2 NMeiPr or (SiH3)2N-SiH2 NEtiPr. The amino group may also help increase 

thermal stability. The amino group may also help incorporate N and C atoms into the 

resulting film, which may make the resulting layer more resistant to any subsequent 

etching processes. 

[0046] When R1 and R2form a cyclic nitrogen-containing heterocycle, Applicants 

believe that the resulting heterocycle forms a leaving group that may be easily 

detached from the mono-substituted TSA precursor, resulting in less carbon 

contamination of the resulting film as compared to the acyclic dialkyl amino groups. 

[0047] One of ordinary skill in the art will recognize that the volatility provided by 

the Si-H bonds balances with the thermal stability provided by the amino groups. 

Applicants believe that at least (H3Si)2-N-SiH2-NEt2, (H3Si)2-N-SiH2-SiH2-NiPr2, and 

(H3Si)2-N-SiH2-N(SiH3)2 successfully balance those competing characteristics to 

produce exceptional vapor deposition precursors. As will be shown in the Examples 

that follow, the qualities of the resulting Si-containing films are improved over those 

disclosed in the prior art. 

[0048] The amino-substituted Si-containing film forming compositions may be 

synthesized similarly to the halo-substituted Si-containing film forming compositions 

disclosed above. More particularly, 200 seem of monohalosilane and 50 seem of 

dihalosilane may be introduced continuously in the gas phase and at room 

temperature with 400 seem of NH3 in a flow-through tubular reactor as described in 

US 8,669,387, forming a stream consisting of various silylamines and ammonium 

halide, from which (SiH3)2-N-SiH2[N(SiH3)2] may be isolated by methods easily 

derived by a person having ordinary skill in the art, such as a method of fractional 

distillation. 

[0049] More particularly, (SiH3)2-N-SiH2[N(SiMe3)2] may be synthesized from the 

reaction of SiMe3-NH-Si!Vle3 with tBuli --> (Me3Si)2NLi, and reaction of (MesSijaNLi 

with (SiH3)2-N-SiH2-CI --> (SiH3)2-N-SiH2-N(S!lVie3)2 + LiCI). 

[0050] Similarly, (SiH3)2-N-SiH2-NH(SiMe3) may be synthesized from the reaction 

of SiMe3-NH-SiMe3 + (SiH3)2-N-SiH2-CI —> (SiH3)2-N-SiH2-NH-SiMe3 + MesSiCL 
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[0051] (SiH3)2-N~SiH2-N(SiH3)(SiH2X) may be synthesized from the reaction of 

(SiH3)2-N-SiH2-N(SiH3)2 with SnX3, wherein X is CI, Br, or I (see J. Chem. Soc. 
Dalton Trans. 1975, p. 1624). Further substitution of (SiH3)2~N-SiH2~N(SiH3)2 may be 

achieved by increasing the reaction time and/or adjusting the stoichiometry. 

[0052] (SiH3)2-N~SiH2-N(SiH3)(SiH2(ISIEt2)) may be synthesized from the reaction 

of (SiH3)2-N-SiH2-N(SiH3)(SiH2X) and HNEt2. Further substitution of (8iH3)2~N-8iH2~ 

N(SiH3)(S!H2(NEt2)) may be achieved by increasing the reaction time and/or 

adjusting the stoichiometry. 

[0053] (SiH3)2-N-SiH2-N(SiH3)(SiH2(NiPr2)) may be synthesized from the reaction 

of (SiH3)2-N~S!H2-N(SiH3)(8iH2X) and HNiPr2. Further substitution of (SiHs^-N-Sih^-

N(SiH3)(SiH2(NiPr2)) may be achieved by increasing the reaction time and/or 

adjusting the stoichiometry. 

[0054] (8iH3)2~N~8iH2~N(8iH3)(8iH2(NHtBu)) may be synthesized from the 

reaction of (SiH3)2-N~SiH2-N(SiH3)(SiH2X) and H2NtBu. Please note that a similar 

reaction using H2NEt may produce low yields of (SiH3)2-N-SiH2-N(SiH3)(SiH2(NHEt)). 

[0055] (SiH3)2-N-SiH2-N(SiH3)(SiH2(OEt)) may be synthesized from the reaction 

of (SiH3)2-N-SiH2-N(SiH3)(SiH2X) and Ethanol (EtOH) in the presence of a HCI 

scavenger, like NEt3 or pyridine, 

[0056] (SiH3)2-N~8iH2-N(8iH3)(SiH2(OiPr)) may be synthesized from the reaction 

of (SiH3)2-N-SiH2-N(SiH3)(SiH2X) and isopropanol (iPrOH) in the presence of a HCI 

scavenger, like NEt3 or pyridine. 

[0057] When X is a N-containing C4-C10 saturated or unsaturated heterocycle, 
exemplary Si-containing film forming compositions include (SiH3)2-N-SiH2-pyrrolidine, 
(SiH3)2-N-SiH2-pyrrole, or (SiH3)2-N-SiH2-piperidine. Alternatively, the N-containing 

C4-C10 saturated or unsaturated heterocycle may also contain hetero-elements, such 
as P, B, As, Ge, and/or Si. 
[0058] When X is an alkoxy group, exemplary Si-containing film forming 

compositions include (SiH3)2-N-SiH2(OEt), (SiH3)2-N-SiH2(OiPr), (SiH3)2N-SiH2-

OSiMe3, (SiH3)2-N-SiH2-OSiMe2OEt, or (SiH3)2-N-SiH2-OSiHMe2. 
[0059] N(SiH3)2(SiH2OEt) may also be synthesized from (SiH3)2-N-SiH2CI and 
EtOH in the presence of an acid scavenger, such as Et3N or pyridine. 
[0060] N(SiH3)3 + EtOH —•N(SiH3)2(SiH2OEt). 

[0061] Preferably, the disclosed Si-containing film forming compositions have 
suitable properties for vapor depositions methods, such as high vapor pressure, low 
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melting point (preferably being in liquid form at room temperature), low sublimation 

point, and/or high thermal stability. 

[0062] To ensure process reliability, the disclosed Si-containing film forming 

compositions may be purified by continuous or fractional batch distillation prior to use 

to a purity ranging from approximately 95% w/w to approximately 100% w/w, 

preferably ranging from approximately 98% w/w to approximately 100% w/w. One of 

ordinary skill in the art will recognize that the purity may be determined by H NMR or 

gas or liquid chromatography with mass spectrometry. The Si-containing film 

forming composition may contain any of the following impurities: halides (X2), 

trisilylamine, monohalotrisilylamine, dihalotrisilylamine, SiH4, SiH3X, SnX2, SnX4, HX, 

NH3, NH3X, monochlorosilane, dichlorosilane, alcohol, alkylamines, dialkylamines, 

alkylimines, THF, ether, pentane, cyclohexane, heptanes, or toluene, wherein X is 

CI, Br, or I. Preferably, the total quantity of these impurities is below 0.1 % w/w. The 

purified composition may be produced by recrystallisation, sublimation, distillation, 

and/or passing the gas or liquid through a suitable adsorbent, such as a 4A 

molecular sieve or a carbon-based adsorbent (e.g., activated carbon). 

[0063] The concentration of each solvent (such as THF, ether, pentane, 

cyclohexane, heptanes, and/or toluene), in the purified mono-substituted TSA 

precursor composition may range from approximately 0% w/w to approximately 5% 

w/w, preferably from approximately 0% w/w to approximately 0.1 % w/w. Solvents 

may be used in the precursor composition's synthesis. Separation of the solvents 

from the precursor composition may be difficult if both have similar boiling points. 

Cooling the mixture may produce solid precursor in liquid solvent, which may be 

separated by filtration. Vacuum distillation may also be used, provided the precursor 

composition is not heated above approximately its decomposition point. 

[0064] The disclosed Si-containing film forming composition contains less than 

5% v/v, preferably less than 1% v/v, more preferably less than 0.1% v/v, and even 

more preferably less than 0.01% v/v of any of its mono-, dual- or tris-, analogs or 

other reaction products. This embodiment may provide better process repeatability. 

This embodiment may be produced by distillation of the Si-containing film forming 

composition. 

[0065] Purification of the disclosed Si-Containing film forming composition may 

also produce concentrations of trace metals and metalloids ranging from 

approximately 0 ppbw to approximately 500 ppbw, and more preferably from 
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approximately 0 ppbw to approximately 100 ppbw. These metal or metalloid 

impurities include, but are not limited to, Aluminum(AI), Arsenic(As), Barium(Ba), 

Beryllium(Be), Bismuth(Bi), Cadmium(Cd), Calcium(Ca), Chromium(Cr), Cobalt(Co), 

Copper(Cu), Gallium(Ga), Germanium(Ge), Hafnium(Hf), Zirconium(Zr), Indium(ln), 

Iron(Fe), Lead(Pb), Lithium(Li), Magnesium(Mg), Manganese(Mn), Tungsten(W), 

Nickel(Ni), Potassium(K), Sodium(Na), Strontium(Sr), Thorium(Th), Tin(Sn), 

Titanium(Ti), Uranium(U), Vanadium(V) and Zinc(Zn). The concentration of X 

(where X = CI, Br, I) in the purified mono-substituted TSA precursor composition may 

range between approximately 0 ppmw and approximately 100 ppmw and more 

preferably between approximately 0 ppmw to approximately 10 ppmw. 

[0066] The disclosed Si-containing film forming compositions may be delivered to 

a semiconductor processing tool by the disclosed Si-containing film forming 

composition delivery devices. FIGS. 1 and 2 show two embodiments of the 

disclosed delivery devices 1. 
[0067] FIG. 1 is a side view of one embodiment of the Si-containing film forming 

composition delivery device 1. In FIG. 1, the disclosed Si-containing film forming 

composition 10 are contained within a container 20 having two conduits, an inlet 

conduit 30 and an outlet conduit 40. One of ordinary skill in the precursor art will 

recognize that the container 20, inlet conduit 30, and outlet conduit 40 are 

manufactured to prevent the escape of the gaseous form of the Si-containing film 

forming composition 10, even at elevated temperature and pressure. 

[0068] Suitable valves include spring-loaded or tied diaphragm valves. The valve 

may further comprise a restrictive flow orifice (RFO). The delivery device should be 

connected to a gas manifold and in an enclosure. The gas manifold should permit 

the safe evacuation and purging of the piping that may be exposed to air when the 

delivery device is replaced so that any residual amount of the pyrophoric material 

does not react. The enclosure should be equipped with sensors and fire control 

capability to control the fire in the case of a pyrophoric material release, such as 

SiH4. The gas manifold should also be equipped with isolation valves, vacuum 

generators, and permit the introduction of a purge gas at a minimum. 

[0069] The delivery device must be leak tight and be equipped with valves that do 

not permit escape of even minute amounts of the material. The delivery device 

fluidly connects to other components of the semiconductor processing tool, such as 

the gas cabinet disclosed above, via valves 35 and 45. Preferably, the delivery 
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device 20, inlet conduit 30, valve 35, outlet conduit 40, and valve 45 are made of 

316L EP or 304 stainless steel. However, one of ordinary skill in the art will 

recognize that other non-reactive materials may also be used in the teachings herein 

and that any corrosive Si-containing film forming composition 10 may require the use 

of more corrosion-resistant materials, such as Hastelloy or Inconel. 

[0070] In FIG. 1, the end 31 of inlet conduit 30 is located above the surface of the 

Si-containing film forming composition 10, whereas the end 41 of the outlet conduit 

40 is located below the surface of the Si-containing film forming composition 10. In 

this embodiment, the Si-containing film forming composition 10 is preferably in liquid 

form. An inert gas, including but not limited to nitrogen, argon, helium, and mixtures 

thereof, may be introduced into the inlet conduit 30. The inert gas pressurizes the 

delivery device 20 so that the liquid Si-containing film forming composition 10 is 

forced through the outlet conduit 40 and to components in the semiconductor 

processing tool (not shown). The semiconductor processing tool may include a 

vaporizer which transforms the liquid Si-containing film forming composition 10 into a 

vapor, with or without the use of a carrier gas such as helium, argon, nitrogen or 

mixtures thereof, in order to deliver the vapor to a chamber where a wafer to be 

repaired is located and treatment occurs in the vapor phase. Alternatively, the liquid 

Si-containing film forming composition 10 may be delivered directly to the wafer 

surface as a jet or aerosol. 

[0071] FIG. 2 is a side view of a second embodiment of the Si-containing film 

forming composition delivery device 1. In FIG. 2, the end 31 of inlet conduit 30 is 

located below the surface of the Si-containing film forming composition 10, whereas 

the end 41 of the outlet conduit 40 is located above the surface of the Si-containing 

film forming composition 10. FIG. 2, also includes an optional heating element 25, 

which may increase the temperature of the Si-containing film forming composition 

10. The Si-containing film forming composition 10 may be in solid or liquid form. An 

inert gas, including but not limited to nitrogen, argon, helium, and mixtures thereof, is 

introduced into the inlet conduit 30. The inert gas flows through the Si-containing 

film forming composition 10 and carries a mixture of the inert gas and vaporized Si-

containing film forming composition 10 to the outlet conduit 40 and to the 

components in the semiconductor processing tool. 

[0072] Both FIGS. 1 and 2 include valves 35 and 45. One of ordinary skill in the 

art will recognize that valves 35 and 45 may be placed in an open or closed position 
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to allow flow through conduits 30 and 40, respectively. Either delivery device 1 in 

FIGS. 1 or 2, or a simpler delivery device having a single conduit terminating above 

the surface of any solid or liquid present, may be used if the Si-containing film 

forming composition 10 is in vapor form or if sufficient vapor pressure is present 

above the solid/liquid phase. In this case, the Si-containing film forming composition 

10 is delivered in vapor form through the conduit 30 or 40 simply by opening the 

valve 35 in FIG. 1 or 45 in FIG. 2, respectively. The delivery device 1 may be 

maintained at a suitable temperature to provide sufficient vapor pressure for the Si-

containing film forming composition 10 to be delivered in vapor form, for example by 

the use of an optional heating element 25. 
[0073] While FIGS. 1 and 2 disclose two embodiments of the Si-containing film 

forming composition delivery device 1, one of ordinary skill in the art will recognize 

that the inlet conduit 30 and outlet conduit 40 may both be located above or below 

the surface of the Si-containing film forming composition 10 without departing from 

the disclosure herein. Furthermore, inlet conduit 30 may be a filling port. Finally, 

one of ordinary skill in the art will recognize that the disclosed Si-containing film 

forming compositions may be delivered to semiconductor processing tools using 

other delivery devices, such as the ampoules disclosed in WO 2006/059187 to Jurcik 

et al., without departing from the teachings herein. 

[0074] The disclosed Si-containing film forming compositions may be suitable for 

the deposition of Si-containing films by various ALD or CVD processes and may 

have the following advantages: 

• liquid at room temperature or having a melting point lower than 50°C; 

• thermally stable to enable proper distribution (gas phase or direct liquid 

injection) without particles generation; and/or 

• suitable reactivity with the substrate to permit a wide self-limited ALD window, 

allowing deposition of a variety of Si -containing films. 

[0075] Silicon nitride and silicon oxide containing films (referred to as SiOxNy) 

may be deposited by CVD or ALD using one or a combination of reactants selected 

from the group comprising of N2, H2, NH3, 02, H20, H202, O3, NO, N02, N20, a 

carboxylic acid, an alcohol, a diol, hydrazines (such as N2H4, MeHNNH2, 

MeHNNHMe), organic amines (such as NMeH2, NEtH2, NMe2H, NEt2H, NMe3, NEt3, 

(SiMe3)2NH), pyrazoline, pyridine, diamines (such as ethylene diamine), a 

combination thereof, and the plasma product thereof. 
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[0076] Ternary or quarternary films may be deposited using the Si-containing film 

forming compositions with one or several other precursors containing elements 

selected from As, B, P, Ga, Ge, Sn, Sb, Al, In, or a transition metal precursor, and 

possibly one or more reactant listed above. Typical precursors that may be used 

along with the disclosed Si-containing film forming compositions are selected from 

the families of: 

• Metal Halides (for example, TiCU, Til4, TaCIs, HfCU, ZrCI4, AICI3, NbF5, etc.); 

• Alkyls (Al, Ge, Ga, In, Sb, Sn, Zn), such as trimethylaluminum, diethylzinc, 

triethylgalium; 

• Hydrides (GeH4, alanes, etc.); 

• Alkylamides (metals of group IV and V transition metals); 

• Imido group (metals of group V and VI); 

• Alkoxides (metals of group IV, V); 

• Cyclopentadienyls (Ru, Co, Fe, Group IV transition metals, lanthanides etc.); 

• Carbonyls (ex: Ru, Co, Fe, Ni); 

• Amidinates and guanidinates (ex : Co, Mn, Ni, Cu, Sc, etc.); 

• Beta-diketonates (ex : Sc, Cu, lanthanides); 

• Beta-diketoimines (Cu, Ni, Co, etc.); 

• Bis-trialkylsilylamides (Ni, Co, Fe, etc.); 

• Oxo groups (Ru04, WOCI4, PO(OEt)3, AsO(OEt)3, etc.)] 

• Or heteroleptic molecules having a combination of the above ligands. 

[0077] The disclosed Si-containing film forming compositions may also be used in 

conjunction with another silicon source, such as a halosilane (possibly selected from 

SiH3CI, SiH2Cl2, SiHCI3, SiCI4, SiBr4, Sil4, SiHI3, SiH2l2, SiH3l, SiF4), a polysilane 

SiHxH2x+2, or a cyclic polysilane SiHxH2x, a halo-polysilane (SixCbx+2, SixHyCl2x+2-y, 

such as HCDS, OCTS, PCDS, MCDS (monochlorodisilane orSi2H5CI), DCDS 

(dichlorodisilane or Si2H4CI2), or a carbosilane having a Si-(CH2)n-Si backbone, with 

n= 1 or 2. 

[0078] Also disclosed are methods of using the disclosed Si-containing film 

forming compositions for vapor deposition methods, including various CVD and ALD 

methods. The disclosed methods provide for the use of the disclosed Si-containing 

film forming compositions for deposition of silicon-containing films, preferably silicon 

nitride (SiN) films, silicon-oxide (SiO) films, and nitrogen doped silicon-oxide films. 
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The disclosed methods may be useful in the manufacture of semiconductor, 

photovoltaic, LCD-TFT, flat panel type devices, refractory materials, or aeronautics. 

[0079] The disclosed methods for forming a silicon-containing layer on a 

substrate include: placing a substrate in a reactor, delivering into the reactor a vapor 

including the Si-containing film forming composition, and contacting the vapor with 

the substrate (and typically directing the vapor to the substrate) to form a silicon-

containing layer on the surface of the substrate. Alternatively, the substrate is 

moved to the chamber that contains the precursor vapors (spatial ALD) and then 

moved to another area that contains the reactant. Other physical treatment steps 

may be carried in between the exposure to precursor and reactants, such as a flash 

anneal, a UV cure, etc. 

[0080] The methods may include forming a bimetal-containing layer on a 

substrate using the vapor deposition process and, more specifically, for deposition of 

SiMOx films wherein x is 4 and M is Ti, Hf, Zr, Ta, Nb, V, Al, Sr, Y, Ba, Ca, As, B, P, 

Sb, Bi, Sn, lanthanides (such as Er), or combinations thereof. The disclosed 

methods may be useful in the manufacture of semiconductor, photovoltaic, LCD-

TFT, or flat panel type devices. An oxygen source, such as O3, O2, H20, NO, H2O2, 

acetic acid, formalin, para-formaldehyde, alcohol, a diol, oxygen radicals thereof, and 

combinations thereof, but preferably O3 or plasma treated O2, may also be 

introduced into the reactor. 

[0081] The disclosed Si-containing film forming compositions may be used to 

deposit silicon-containing films using any deposition methods known to those of skill 

in the art. Examples of suitable deposition methods include chemical vapor 

deposition (CVD) or atomic layer deposition (ALD). Exemplary CVD methods 

include thermal CVD, pulsed CVD (PCVD), low pressure CVD (LPCVD), sub-

atmospheric CVD (SACVD) or 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, plasma enhanced CVD 

(PECVD) including but not limited to flowable CVD (FCVD), and combinations 

thereof. Exemplary ALD methods include thermal ALD, plasma enhanced ALD 

(PEALD), spatial isolation ALD, hot-wire ALD (HWALD), radicals incorporated ALD, 

and combinations thereof. Super critical fluid deposition may also be used. The 

deposition method is preferably FCVD, ALD, PE-ALD, or spatial ALD in order to 

provide suitable step coverage and film thickness control. 
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[0082] The Si-containing film forming compositions are delivered into a reactor in 

vapor form by conventional means, such as tubing and/or flow meters. The vapor 

form of the compositions may be produced by vaporizing the neat or blended 

composition solution through a conventional vaporization step such as direct 

vaporization, distillation, by bubbling. The composition may be fed in liquid state to a 

vaporizer where it is vaporized before it is introduced into the reactor. Prior to 

vaporization, the composition may optionally be mixed with one or more solvents. 

The solvents may be selected from the group consisting of toluene, ethyl benzene, 

xylene, mesitylene, decane, dodecane, octane, hexane, pentane, or others. The 

resulting concentration may range from approximately 0.05 M to approximately 2 M. 

[0083] Alternatively, the Si-containing film forming compositions may be 

vaporized by passing a carrier gas into a container containing the precursor or by 

bubbling of the carrier gas into the precursor. The composition may optionally be 

mixed in the container with one or more solvents. The solvents may be selected from 

the group consisting of toluene, ethyl benzene, xylene, mesitylene, decane, 

dodecane, octane, hexane, pentane, or others. The resulting concentration may 

range from approximately 0.05 M to approximately 2 M. The carrier gas may 

include, but is not limited to, Ar, He, or N2, and mixtures thereof. Bubbling with a 

carrier gas may also remove any dissolved oxygen present in the neat or blended 

composition. The carrier gas and composition are then introduced into the reactor as 

a vapor. 

[0084] If necessary, the container may be heated to a temperature that permits 

the Si-containing film forming composition to be in liquid phase and to have a 

sufficient vapor pressure. The container may be maintained at temperatures in the 

range of, for example, 0 to 150°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 composition vaporized. The temperature is typically adjusted to reach a 

vapor pressure of 0,1-100 torr, preferably around 1-20 torr. 

[0085] The vapor of the Si-containing film forming composition is generated and 

then introduced into a reaction chamber containing a substrate. The temperature 

and the pressure in the reaction chamber and the temperature of the substrate are 

held at conditions suitable for vapor deposition of at least part of the mono-

substituted TSA precursor onto the substrate. In other words, after introduction of 

the vaporized composition into the reaction chamber, conditions within the reaction 
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chamber are adjusted such that at least part of the vaporized precursor is deposited 

onto the substrate to form the Si-containing layer. One of ordinary skill in the art will 

recognize that "at least part of the vaporized compound is deposited" means that 

some or all of the compound reacts with or adheres to the substrate. Herein, a 

reactant may also be used to help in formation of the Si-containing layer. 

Furthermore, the Si-containing layer may be cured by UV and Electron beam. 

[0086] The reaction chamber may be any enclosure or chamber of a device in 

which deposition methods take place, such as, without limitation, a parallel-plate type 

reactor, a cold-wall type reactor, a hot-wall type reactor, a single-wafer reactor, a 

multi-wafer reactor, or other such types of deposition systems. All of these 

exemplary reaction chambers are capable of serving as an ALD or CVD reaction 

chamber. The reaction chamber may be maintained at a pressure ranging from 

about 0.5mTorr to about 20Torr for all ALD and subatmospheric CVD. 

Subatmospheric CVD and atmospheric CVD pressures may range up to 760Torr 

(atmosphere). In addition, the temperature within the reaction chamber may range 

from about 0°C to about 800°C. One of ordinary skill in the art will recognize that the 

temperature may be optimized through mere experimentation to achieve the desired 

result. 

[0087] The temperature of the reactor may be controlled by either controlling the 

temperature of the substrate holder or controlling the temperature of the reactor wall. 

Devices used to heat the substrate are known in the art. The reactor wall is heated 

to a sufficient temperature to obtain the desired film at a sufficient growth rate and 

with desired physical state and composition. A non-limiting exemplary temperature 

range to which the reactor wall may be kept from approximately 20°C to 

approximately 800°C. When a plasma deposition process is utilized, the deposition 

temperature may range from approximately 0°C to approximately 550°C. 

Alternatively, when a thermal process is performed, the deposition temperature may 

range from approximately 200°C to approximately 800°C. 

[0088] Alternatively, the substrate may be heated to a sufficient temperature to 

obtain the desired silicon-containing film at a sufficient growth rate and with desired 

physical state and composition. A non-limiting exemplary temperature range to which 

the substrate may be heated includes from 50°C to 600°C. Preferably, the 

temperature of the substrate remains less than or equal to 500°C. 
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[0089] Alternatively, the ALD process may be carried at a substrate temperature 

being set below a self-decomposition of the precursor. One of ordinary skill in the art 

would recognize how to determine the self-decomposition temperature of the 

precursor. 

[0090] The reactor contains one or more substrates onto 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, 

photovoltaic, flat panel, or LCD-TFT device manufacturing. Examples of suitable 

substrates include wafers, such as silicon, silica, glass, plastic or GaAs wafers. The 

wafer may have one or more layers of differing materials deposited on it from a 

previous manufacturing step. For example, the wafers may include silicon layers 

(crystalline, amorphous, porous, etc.), silicon oxide layers, silicon nitride layers, 

silicon oxy nitride layers, carbon doped silicon oxide (SiCOH) layers, photoresist 

layers, anti-reflective layers, or combinations thereof. Additionally, the wafers may 

include copper layers or noble metal layers {e.g. platinum, palladium, rhodium, or 

gold). The layers may include oxides which are used as dielectric materials in MIM, 

DRAM, STT RAM, PC-RAM or FeRam technologies {e.g., Zr02 based materials, 

Hf02 based materials, Ti02 based materials, rare earth oxide based materials, 

ternary oxide based materials such as strontium ruthenium oxide (SRO), etc.) or 

from nitride-based films {e.g., TaN) that are used as an oxygen barrier between 

copper and the low-k layer. The wafers may include barrier layers, such as 

manganese, manganese oxide, etc. Plastic layers, such as poly(3,4-

ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT:PSS) may also be used. 

The layers may be planar or patterned. For example, the layer may be a patterned 

photoresist film made of hydrogenated carbon, for example CHX, wherein x is greater 

than zero. The disclosed processes may deposit the silicon-containing layer directly 

on the wafer or directly on one or more than one (when patterned layers form the 

substrate) of the layers on top of the wafer. 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 be a trench 

or a line. Throughout the specification and claims, the wafer and any associated 

layers thereon are referred to as substrates. In many instances though, the 

preferred substrate utilized may be selected from copper, silicon oxide, photoresist, 

hydrogenated carbon, TiN, SRO, Ru, and Si type substrates, such as polysilicon or 
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crystalline silicon substrates. For example, a silicon nitride film may be deposited 

onto a Si layer. In subsequent processing, alternating silicon oxide and silicon nitride 

layers may be deposited on the silicon nitride layer forming a stack of multiple 

SiCVSiN layers used in 3D NAND gates. Furthermore, the substrate may be coated 

with patterned or unpatterned organic or inorganic films. 

[0091] In addition to the disclosed Si-containing film forming compositions, a 

reactant may also be introduced into the reactor. The reactant may be an oxidizing 

agent, such as one of O2, O3, H20, H2O2; oxygen containing radicals, such as O' or 

OH', NO, NO2; carboxylic acids such as formic acid, acetic acid, propionic acid, 

radical species of NO, NO2, or the carboxylic acids; para-formaldehyde; and mixtures 

thereof. Preferably, the oxidizing agent is selected from the group consisting of 02, 

O3, H20, H2O2, oxygen containing radicals thereof such as O' or OH', and mixtures 

thereof. Preferably, when an ALD process is performed, the reactant is plasma 

treated oxygen, ozone, or combinations thereof. When an oxidizing agent is used, 

the resulting silicon containing film will also contain oxygen. 

[0092] Alternatively, the reactant may be a nitrogen-containing reactant, such as 

one of N2, NH3, hydrazines (for example, N2H4, MeHNNH2, MeHNNHMe), organic 

amines (for example, N(CH3)H2, N(C2H5)H2, N(CH3)2H, N(C2H5)2H, N(CH3)3, 

N(C2H5)3, (SiMe3)2NH), pyrazoline, pyridine, diamine (such as ethylene diamine), 

radicals thereof, or mixtures thereof. When an N-containing source agent is used, 

the resulting silicon containing film will also contain nitrogen. 

[0093] When a reducing agent is used, such as H2, H radicals, but also other H-

containing gases and precursors such as metal and metalloid hydrides, the resulting 

silicon containing film may be pure Si. 

[0094] The reactant may be treated by plasma, in order to decompose the 

reactant into its radical form. N2 may also be utilized when treated with plasma. For 

instance, the plasma may be generated with a power ranging from about 50W to 

about 2000W, preferably from about 100W to about 500W. The plasma may be 

generated or 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 system. One of skill in the art will recognize methods and apparatus 

suitable for such plasma treatment. 

[0095] The Si-containing film forming compositions may also be used with a 

halosilane or polyhalodisilane, such as hexachlorodisilane, pentachlorodisilane, or 
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tetrachlorodisilane, and one or more reactants to form Si, SiCN, or SiCOH films. 

PCT Publication Number W02011/123792 discloses a SiN layer (not a Si or SiCOH 

layer), and the entire contents of which are incorporated herein in their entireties. 

[0096] When the desired silicon-containing film also contains another element, 

such as, for example and without limitation, Ti, Hf, Zr, Ta, Nb, V, Al, Sr, Y, Ba, Ca, 

As, B, P, Sb, Bi, Sn, Ge lanthanides (such as Er), or combinations thereof, another 

precursor may include a metal-containing precursor which is selected from, but not 

limited to:. 

• Metal Halides (e.g., TiCU, Til4, TaCI5, HfCI4, ZrCI4, AICI3, NbF5, etc.)] 

• Alkyls (Al, Ge, Ga, In, Sb, Sn, Zn), such as trimethylaluminum, diethylzinc, 

triethylgalium; 

• Hydrides (GeH4, alanes, etc.)] 

• Alkylamides (metals of group IV and V transition metals); 

• Imido group (metals of group V and VI); 

• Alkoxides (metals of group IV, V); 

• Cyclopentadienyls (Ru, Co, Fe, Group IV transition metals, lanthanides, etc.)] 

• Carbonyls (ex: Ru, Co, Fe, Ni); 

• Amidinates and guanidinates (ex : Co, Mn, Ni, Cu, Sc, etc.)] 

• Beta-diketonates {e.g.,: Sc, Cu, lanthanides); 

• Beta-diketoimines (Cu, Ni, Co, etc.); 

• Bis-trialkylsilylamides (Ni, Co, Fe, etc.)] 

• Oxo groups (Ru04, WOCI4, PO(OEt)3, AsO(OEt)3, etc.)] 

• Heteroleptic molecules having a mixed set of ligands selected from the above 

families. 

[0097] The Si-containing film forming compositions and one or more reactants 

may be introduced into the reaction chamber simultaneously {e.g., CVD), 

sequentially {e.g., ALD), or in other combinations. For example, the Si-containing film 

forming composition may be introduced in one pulse and two additional metal 

sources may be introduced together in a separate pulse {e.g., modified ALD). 

Alternatively, the reaction chamber may already contain the reactant prior to 

introduction of the Si-containing film forming composition. The reactant may be 

passed through a plasma system localized or remotely from the reaction chamber, 

and decomposed to radicals. Alternatively, the Si-containing film forming composition 

may be introduced to the reaction chamber continuously while other metal sources 
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are introduced by pulse (e.g., pulsed-CVD). In each example, a pulse may be 

followed by a purge or evacuation step to remove excess amounts of the component 

introduced. In each example, the pulse may last for a time period ranging from 

about 0.01s to about 20s, alternatively from about 0.3s to about 3s, alternatively from 

about 0.5s to about 2s. In another alternative, the Si-containing film forming 

composition and one or more reactants may be simultaneously sprayed from a 

shower head under which a susceptor holding several wafers is spun (e.g., spatial 

ALD). 

[0098] In a non-limiting exemplary ALD type process, the vapor phase of the Si-

containing film forming composition is introduced into the reaction chamber, where it 

is contacted with a suitable substrate and forms a silicon-containing layer on the 

substrate. Excess composition may then be removed from the reaction chamber by 

purging and/or evacuating the reaction chamber. An oxygen source is introduced 

into the reaction chamber where it reacts with the silicon-containing layer in a self-

limiting manner. Any excess oxygen source is removed from the reaction chamber 

by purging and/or evacuating the reaction chamber. If the desired film is a silicon 

oxide film, this two-step process may provide the desired film thickness or may be 

repeated until a film having the necessary thickness has been obtained. 

[0099] Alternatively, if the desired film is a silicon metal oxide film (i.e., SiMOx, 

wherein x may be 4 and M is Ti, Hf, Zr, Ta, Nb, V, Al, Sr, Y, Ba, Ca, As, B, P, Sb, Bi, 

Sn, Ge, lanthanides (such as Er), or combinations thereof), the two-step process 

above may be followed by introduction of a second vapor of a metal-containing 

precursor into the reaction chamber. The metal-containing precursor will be selected 

based on the nature of the silicon metal oxide film being deposited. After introduction 

into the reaction chamber, the metal-containing precursor is contacted with the 

silicon oxide layer on the substrate. Any excess metal-containing precursor is 

removed from the reaction chamber by purging and/or evacuating the reaction 

chamber. Once again, an oxygen source may be introduced into the reaction 

chamber to react with the metal-containing precursor. Excess oxygen source is 

removed from the reaction chamber by purging and/or evacuating the reaction 

chamber. If a desired film thickness has been achieved, the process may be 

terminated. However, if a thicker film is desired, the entire four-step process may be 

repeated. By alternating the provision of the Si-containing film forming compositions, 

33 



WO 2016/201320 PCT/US2016/037013 

metal-containing precursor, and oxygen source, a film of desired composition and 

thickness may be deposited. 

[00100] Additionally, by varying the number of pulses, films having a desired 

stoichiometric M:Si ratio may be obtained. For example, a SiMCb film may be 

obtained by having one pulse of the mono-substituted TSA precursor and one pulses 

of the metal-containing precursor, with each pulse being followed by pulses of the 

oxygen source. However, one of ordinary skill in the art will recognize that the 

number of pulses required to obtain the desired film may not be identical to the 

stoichiometric ratio of the resulting film. 

[00101] In a non-limiting exemplary PE-ALD type process, the vapor phase of the 

Si-containing film forming composition is introduced into the reaction chamber, 

where it is contacted with a suitable substrate, while a low reactivity oxygen source, 

such as O2, is continuously flowing to the chamber. Excess composition may then be 

removed from the reaction chamber by purging and/or evacuating the reaction 

chamber. A plasma is then lit to activate the oxygen source to react with the 

absorbed mono-substituted TSA precursor in a self-limiting manner. The plasma is 

then switched off and the flow of the Si-containing film forming composition may 

proceed immediately after. This two-step process may provide the desired film 

thickness or may be repeated until a silicon oxide film having the necessary 
thickness has been obtained. The silicon oxide film may contain some C impurities, 

typically between 0.005% and 2%. The oxygen gas source and the substrate 

temperature may be selected by one of ordinary skill in the art so as to prevent 

reaction between the oxygen source and the mono-substituted TSA when the 

plasma is off. Dialkylamino-substituted TSA are particularly suitable for such a 

process, and are preferably (SiH3)2N-SiH2-NEt2, (SiH3)2N-SiH2-NiPr2 or (SiH3)2N-

SiH2-NHR, R being -tBu or -SiMe3. 

[00102] In another non-limiting exemplary PE-ALD type process, the vapor phase 

of the Si-containing film forming compositions is introduced into the reaction 

chamber, where it is contacted with a suitable substrate, while a low reactivity 

nitrogen source, such as N2, is continuously flowing to the chamber. Excess 

composition may then be removed from the reaction chamber by purging and/or 

evacuating the reaction chamber. A plasma is then lit to activate the nitrogen source 

to react with the absorbed mono-substituted TSA precursor in a self-limiting manner. 

The plasma is then switched off and flow of the Si-containing film forming 
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composition may proceed immediately after. This two-step process may provide the 

desired film thickness or may be repeated until a silicon nitride film having the 

necessary thickness has been obtained. The silicon nitride film may contain some C 

impurities, typically between 0.5% and 10%. The nitrogen gas source and the 

substrate temperature may be selected by one of ordinary skill in the art so as to 

prevent reaction between the nitrogen source and the mono-substituted TSA when 

the plasma is off. Amino-substituted TSA and mono-halo TSA are particularly 

suitable for such a process, and are preferably (SiH3)2N-SiH2-CI, (SiH3)2N-SiH2-NEt2, 

(SiH3)2N-SiH2-NiPr2, (SiH3)2N-SiH2-NHR, R being -tBu or-SiMe3, or (SiH3)2N-SiH2-

N(SiH3)2. 

[00103] In a non-limiting exemplary LPCVD type process, the vapor phase of the 

Si-containing film forming compositions, preferably containing a mono-halo 

substituted TSA precursor, is introduced into the reaction chamber holding the 

substrates and kept at a pressure typically between 0.1 and 10 torr, and more 
preferably between 0.3 and 3 torr, and at a temperature between 250°C and 800°C, 
preferably between 350°C and 600°C, where it is mixed with a reactant, typically 

NH3. A thin conformal SiN film may thus be deposited on the substrate(s). One of 

ordinary skill in the art will recognize that the Si/N ratio in the film may be tuned by 

adjusting the mono-substituted TSA precursor and N-source flow rates. 

[00104] In another alternative, dense SiN films may be deposited using an ALD 

method with hexachlorodisilane (HCDS), pentachlorodisilane (PCDS), 

monochlorodisilane (MCDS), dichlorodisilane (DCDS) or monochlorosilane (MCS), 

the disclosed Si-containing film forming compositions, and an ammonia reactant. 

The reaction chamber may be controlled at 5Torr, 550°C, with a 55 seem continuous 

flow of Ar. An approximately 10second long pulse of the disclosed Si-containing film 

forming composition at a flow rate of approximately 1 seem is introduced into the 

reaction chamber. The composition is purged from the reaction chamber with an 

approximately 55 seem flow of Ar for approximately 30 seconds. An approximately 

10 second pulse of HCDS at a flow rate of approximately 1 seem is introduced into 

the reaction chamber. The HCDS is purged from the reaction chamber with an 

approximately 55 seem flow of Ar for approximately 30 seconds. An approximately 

10 second long pulse of NH3 at a flow rate of approximately 50 seem is introduced 

into the reaction chamber. The NH3 is purged from the reaction chamber with an 

approximately 55 seem flow of Arfor approximately 10 seconds. These 6 steps are 
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repeated until the deposited layer achieves a suitable thickness. One of ordinary skill 

in the art will recognize that the introductory pulses may be simultaneous when using 

a spatial ALD device. As described in PCT Pub No W02011/123792, the order of 

the introduction of the precursors may be varied and the deposition may be 

performed with or without the NH3 reactant in order to tune the amounts of carbon 

and nitrogen in the SiCN film. One of ordinary skill in the art would further recognize 

that the flow rates and pulse times may vary amongst different deposition chambers 

and would be able to determine the necessary parameter for each device. 

[00105] In a non-limiting exemplary process, the vapor phase of the disclosed Si-

containing film forming compositions, preferably containing mono-halo substituted 

TSA, is introduced into the reaction chamber holding a substrate having a porous 

low-k film. A pore sealing film may be deposited in the conditions described in US 

2015/0004806 (i.e., by introducing the disclosed silicon-containing film forming 

composition, an oxidant (such as ozone, hydrogen peroxide, oxygen, water, 

methanol, ethanol, isopropanol, nitric oxide, nitrous dioxide, nitrous oxide, carbon 

monoxide, or carbon dioxide), and a halogen free catalyst compound (such as nitric 

acid, phosphoric acid, sulfuric acid, ethylenediaminetetraacetic acid, picric acid, or 

acetic acid) to a reaction chamber and exposing the substrate to the process gases 

under conditions such that a condensed flowable film forms on the substrate). 

[00106] In yet another alternative, a silicon-containing film may be deposited by the 

flowable PECVD method disclosed in U.S. Patent Application Publication No. 

2014/0051264 using the disclosed compositions and a radical nitrogen- or oxygen-

containing reactant. The radical nitrogen- or oxygen-containing reactant, such as 

NH3 or H20 respectively, is generated in a remote plasma system. The radical 

reactant and the vapor phase of the disclosed precursors are introduced into the 

reaction chamber where they react and deposit the initially flowable film on the 

substrate. Applicants believe that the nitrogen atoms of the (SiH3)2N-(SiH2 -X) 

structure helps to further improve the flowability of the deposited film, resulting in 

films having less voids, especially when X is an amino group, and more specifically 

when X is a disilylamino group like -N(SiH3)2. 

[00107] The silicon-containing films resulting from the processes discussed above 

may include Si02, nitrogen doped silicon oxide, SiN, SiON, SiCN, SiCOH, or 

MSiNyOx , wherein M is an element such as Ti, Hf, Zr, Ta, Nb, V, Al, Sr, Y, Ba, Ca, 

As, B, P, Sb, Bi, Sn, Ge, and x, y may be from 0-4 and y+x=4, depending of course 
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on the oxidation state of M. One of ordinary skill in the art will recognize that by 

judicial selection of the appropriate mono-substituted TSA precursor and reactants, 

the desired film composition may be obtained. 

[00108] Upon obtaining a desired film thickness, the film may be subject to further 

processing, such as thermal annealing, furnace-annealing, rapid thermal annealing, 

UV or e-beam curing, and/or plasma gas exposure. Those skilled in the art 

recognize the systems and methods utilized to perform these additional processing 

steps. For example, the silicon-containing film may be exposed to a temperature 

ranging from approximately 200°C and approximately 1000°C for a time ranging from 

approximately 0.1 second to approximately 7200 seconds under an inert 

atmosphere, a H-containing atmosphere, a N-containing atmosphere, an O-

containing atmosphere, or combinations thereof. Most preferably, the temperature is 

600°C for less than 3600 seconds under a reactive H-containing atmosphere. The 

resulting film may contain fewer impurities and therefore may have improved 

performance characteristics. The annealing step may be performed in the same 

reaction chamber in which the deposition process is performed. When the 

deposition process is a FCVD, the curing step is preferably an oxygen curing step, 

carried out at a temperature lower than 600°C. The oxygen containing atmosphere 

may contain H20 or O3. Alternatively, the substrate may be removed from the 

reaction chamber, with the annealing/flash annealing process being performed in a 

separate apparatus. 

Examples 
[00109] 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 intended to limit the scope of the inventions described herein. 

[00110] The examples described herein are TSA based precursors, i.e., mono-

substituted TSA. 

Example 1: Synthesis of (SiH3)2N-SiH2-NiPr2 and of (SiH3)2N-SiH2-NEt2 

[00111] 300g of diisopropylamine (3.0mol) was charged to a 1-liter filter flask 

equipped with an overhead mechanical stirrer, a nitrogen bubbler, a chiller and a 

hydride scrubber as a reactor. 60g (0.4mol) of chlorotrisilylamine was charged to a 

dropping funnel. The dropping funnel was affixed to the reactor. A nitrogen sweep 
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was added to the dropping funnel to prevent salt formation in the tip of the funnel. 

The chiller was set to 18°C and the chlorotrisilylamine was added via dropping funnel 

over a 1,5hr period. The reactor temperature was set at 22-23°C during the addition. 

The reactor was allowed to stir for 0.5hr after the addition was complete. 

[00112] The amine hydrochloride salt was then filtered. The filter cake was rinsed 

with two 50ml aliquots of diisopropylamine. The majority of the diisopropylamine was 

distilled off leaving 72g of a crude product. The crude product was combined with 

other crude products from several smaller scale preparations of (SiH3)2N-SiH2-NiPr2 

done in a similar fashion. (SiH3)2N-SiH2-NiPr2 was then distilled at 86°C under a 

vacuum of -28 inches of mercury and 79g of > 99% pure product was collected. The 

overall yield was 56%. Table 1 shows vapor pressure data of (SiH3)2N-SiH2-NiPr2 

estimated from the distillation and TSU data. 

Table 1. Vapor pressure data of (SiH3)2N-SiH2-NiPr2 

Temperature (°C) Pressure (torr) 

86 38 

100 72 

150 140 

[00113] The synthesis of (SiH3)2N-SiH2-NEt2 proceeds similarly with the same 

molar ratio, but replaces diisopropylamine with diethylamine. 

Example 2: Synthesis of (SiH3)2N-SiH2-NHiPr 

[00114] 300g of isopropylamine (3.0mol) was charged to a 1-liter filter flask 

equipped with an overhead mechanical stirrer, a nitrogen bubbler, a chiller and a 

hydride scrubber as a reactor. 60g (0.4mol) of chlorotrisilylamine was charged to a 

dropping funnel. The dropping funnel was affixed to the reactor. A nitrogen sweep 

was added to the dropping funnel to prevent salt formation in the tip of the funnel. 

The chiller was set to 18°C and the chlorotrisilylamine was added via dropping funnel 

over a 1,5hr period. The reactor temperature was set at 22-23°C during the addition. 

The reactor was allowed to stir for 0.5hr after the addition was complete. 

The amine hydrochloride salt was then filtered. The filter cake was rinsed with two 

50ml_ aliquots of isopropylamine. The majority of the isopropylamine was distilled off 

leaving 72g of a crude product. The crude product was combined with other crude 
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products from several smaller scale preparations of (SiH3)2N-SiH2-NHiPr done in a 

similar fashion. (SiH3)2N-SiH2-NHiPr was then distilled at 86°C under a vacuum of -

28 inches of mercury and 79g of > 99% pure product was collected. 

Example 3: Synthesis of (SiH3)2N-SiH2-Br and of (SiH3)2N-SiH2-N(SiH3)2 

[00115] (SiH3)2N-SiH2-Br and (SiH3)2N-SiH2-N(SiH3)2 may be obtained by reacting 

SnBr4 with TSA: SnBr4 + H3SiN(SiH3)2 = BrH2SiN(SiH3)2 + (SiH3)2N-SiH2-N(SiH3)2+ 

SnBr2 + HBr. A side product of the above reaction, HBr, may then be removed by a 

reaction with the starting material TSA, i.e., N(SiH3)3 + 4HBr = NH4Br + 3BrSiH3. The 

synthesis process is as follows. 

[00116] A round bottom flask with a PTFE-coated magnetic stir egg was charged 

with stoichiometric excess of TSA. If necessary, a solvent {e.g., dodecane) and an 

HBr scavenger (e.g., tributylamine) may be added to the flask prior to adding TSA. 

The flask was fitted with a cold finger condenser or a distillation head. A liquid 

addition funnel was attached to the flask and charged with a solution of SnBr4 in a 

solvent (such as, anisole or dodecane). The flask may then be cooled down and the 

SnBr4 solution was added dropwise to the flask. The headspace of the flask may be 

kept under atmospheric pressure of nitrogen or at a reduced pressure in order to 

remove HBr as it forms. 

[00117] After the addition was finished, the volatile products may be collected by 

pulling vacuum through trap(s). The collected volatile products may then be analyzed 

by GCMS. It was found that (SiH3)2N(SiH2Br) and (SiH3)2N(SiH2N(SiH3)2) were 

formed upon treating TSA with SnBr4. The following byproducts were also identified: 

silane, bromosilane, dibromotrisilylamine. The solvents and unreacted SnBr4 (in 

some cases) were also found. 

[00118] The resulting (SiH3)2N-SiH2-N(SiH3)2 was liquid at room temperature 

(~22°C), with a melting point of approximately -106°C and a boiling point of 

approximately 131 °C. The vapor pressure was calculated to be ~8 hPa at 27°C. 

Comparative Example 1 

[00119] In W02015/190749 to DNF Co., Ltd., Example 1 discloses the 

synthesis of dimethylaminodimethylsilyl bisdimethylsilyl amine 

[(Me2SiH)2NSiMe2(NMe2)] by reacting chlorodimethylsilane [Me2HSiCI] in n-pentane 

with NH3 to form tetraemethyldisilazane [(Me2SiH)2NH]. The tetramethyldisilazane is 
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then reacted with n-BuLi in a n-hexane solvent to form (Me2SiH)2N-Li. 

Chlorodimethyl dimethylaminosilane [CISiMe2(NMe2)] is added to the mixture to then 

form the (Me2SiH)2NSiMe2(NMe2) product. 

[00120] One of ordinary skill in the art would recognize that the synthesis method 

described in Example 1 would not be suitable to produce the molecules disclosed 

herein containing the (SiH3)2N- moiety. DNF's proposed synthesis method would 

require the synthesis and isolation of the amine (SiH3)2NH followed by its treatment 

with the strong base, tBuLi, in liquid phase. It is well known in the literature that the 

(SiH3)2NH amine may be prepared and handled in its gas phase, but is not stable in 

liquid phase and decomposes even at 0°C. See, e.g., Silicon-nitrogen compounds. 

VI. Preparation and properties of disilazane"; Aylett, Bernard J.; Hakim, M. J.; 

Journal of the Chemical Society [Section] A: Inorganic, Physical, Theoretical, 1969, 

4, 639-642. More particularly, (SiH3)2NH rapidly disproportionates in the presence of 

a weak base, such as liquid NH3. Id. Therefore, one of ordinary skill in the art would 

recognize that a much stronger base, such as lBuLi, would cause even faster 

disproportionation. As a result, one of ordinary skill in the art would not expect 

success in the synthesis of the required (SiH3)2NLi intermediate salt, which is 

necessary for the next step in the synthesis. 

[00121] The method described in Example 1 of W02015/190749 for the 

preparation of amines with the formula (SiHR2)2NH implies the reaction of 

chlorosilanes SiHR2CI with NH3 in stoichiometric amount. In the case of SiH3X (X = 

CI, Br, I), Stock et al. reported the impossibility of isolating gaseous (SiH3)2NH by this 

method because the reaction did not stop at the bis-substituted product and formed 

the tris-substituted amine (SiH3)3N. See, e.g., Stock, A. and Somieski, C.; Chem. 

Ber., 1921, 54B, 740. All of the aforementioned arguments, together with the total 

absence of any reference describing the formation of a lithium silylamide with more 

than one hydride in each silicon atom, prove that it is not feasible to prepare 

(SiH3)2N- or (SiH2R)2N- containing aminosilanes by the synthetic route described in 

W02015/190749. 

[00122] In contrast, as shown in Examples 1-3, Applicants have successfully 

synthesized the disclosed (SiH3)2N-containing compounds by using (SiH3)2N-SiH2CI 

as a starting material. 

Example 4 
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[00123] The following PEALD testing was performed using a Picosun R200 

PEALD 8" deposition tool with a 4" wafer. The vapor of the mono-substituted TSA 

precursor was delivered to the Picosun tool as shown in FIG 3. 

[00124] ALD tests were performed using (SiH3)2N-SiH2-NiPr2 as the silicon-

containing film forming composition 10, which was placed in an ampoule heated to 

70°C and O2 plasma as oxidizing reactant. Typical ALD conditions were used with 

the reactor 50 pressure fixed at ~9 hPa (1 hPa=100 Pa=1mbar). Two 0.1-second 

pulses of the precursor vapor were introduced into the deposition chamber via 

overpressure in the ampoule using the 3-way pneumatic valve 51. The 0.1-second 

pulses were separated by a 0.5 second pause. A 4-second N2 purge removed any 

excess precursor. A 16-second plasma 02 pulse was followed by a 3-second N2 

purge. The process was repeated until a minimum thickness of 300 Angstrom was 

obtained. Depositions were performed with the substrate heated to 70°C, 150°C, 

and 300°C. Real self limited ALD growth behavior was validated as shown in FIG 4 

by increasing the number of precursor pulses within a given cycle. 

[00125] ALD tests were also performed using the prior art SiH2(NEt2)2 precursor as 

the Si-containing film forming composition 10, which was placed in an ampoule 

heated to 60°C and 02 plasma as oxidizing reactant. Applicants believe that 

SiH2(NEt2)2 is currently used to deposit Si02 in several commercial processes. 

Typical ALD conditions were used with the reactor pressure fixed at ~9 hPa (1 

hPa=100 Pa=1mbar). Two 0.1-second pulses of the precursor vapor were introduced 

into the deposition chamber via overpressure in the ampoule using the 3-way 

pneumatic valve. The 0.1-second pulses were separated by a 0.5 second pause. A 

4-second N2 purge removed any excess precursor. A 16-second plasma 02 pulse 

was followed by a 3-second N2 purge. The process was repeated until a minimum 

thickness of 300 Ang was reached. Depositions were performed at 70°C, 150°C, 

200°C, and 300°C. As shown in FIG 5, the growth per cycle decreased with 

increasing temperature. 

Table 1 summarizes the results: 

SiH2(NEt2)2 (SiH3)2N-SiH2-NiPr2 

Growth rate 70°C1 1.42 Ang/cycle 3.10 Ang/cycle 

Growth rate 300°C1 0.98 Ang/cycle 2.05 Ang/cycle 

Wet Etch Rate 70°C2 9.4 Ang/sec 8.8 Ang/sec 
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Wet Etch Rate 150°C2 7.2 Ang/sec 6.7 Ang/sec 

Wet Etch Rate 300°C2 6.6 Ang/sec 6.7 Ang/sec 

Refractive Index 70°C3 1.432 1.460 

Atomic % Carbon 70°C4 0.05% TBD 

Atomic % Carbon 150°C4 0.045% 0,015-0,03% 

Atomic % Hydrogen 150°C4 ~10% ~10% 

Atomic % Nitrogen 150°C4 0.015% 0,1% 

Within Wafer Non Uniformity5 2.84% 2.90% 
1 Growth rate for films deposited at the stated temperatures 
2 Wet Etch Rate using 0.1% v/v HF (determined by ellipsometry) of films 

deposited at the stated temperatures 
3 Refractive index for film deposited at 70°C 
4 Atomic percentage in a film deposited at the stated temperature as 

determined by Secondary Ion Mass Spectrometry (SIMS). Hydrogen content is 

subject to uncertainty when measured by SIMS, as one skilled in the art would 

recognize. 
5 Within Wafer Non Uniformity of a film deposited at 200°C as determined by 

ellipsometer over a 6 inch silicon wafer. This parameter was not optimized and better 

uniformity would be expected from an industrial tool. 

[00126] As can be seen, the growth rate for films produced by (SiH3)2N-SiH2-NiPr2 

is much better than those of SiH2(NEt2)2 at both 70°C and 300°C. At 70°C, (SiH3)2N-

SiH2-NiPr2 has a much better wet etch rate and refractive index than SiH2(NEt2)2., 

which both indicate formation of a much better, denser oxide film. 

Example 5 

[00127] ALD tests to deposit N-doped silicon oxide were performed using the 

(SiH3)2N-SiH2-NiPr2, which was placed in an ampoule heated to 70°C, O2 plasma as 

oxidizing reactant and NH3 plasma as an additional reactant. Typical ALD conditions 

were used with the reactor pressure fixed at ~9 hPa. Two 0.1-second pulses of the 

precursor vapor were introduced into the deposition chamber via overpressure in the 

ampoule using the 3-way pneumatic valve. The 0.1-second pulses were separated 

by a 0.5 second pause. A 4-second N2 purge removed any excess precursor. A 16-

second plasma 02 pulse was followed by a 3-second N2 purge. Two 0.1-second 
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pulses of the precursor vapor were introduced into the deposition chamber via 

overpressure in the ampoule using the 3-way pneumatic valve. The 0.1-second 

pulses were separated by a 0.5 second pause. A 4-second N2 purge removed any 

excess precursor. An 11-second plasma NH3 pulse was followed by a 3-second 

purge. The entire process (precursor - plasma O2 - precursor - plasma NH3) was 

repeated until the thickness reached at least 300 Ang. Depositions were performed 
at 150°C. 

[00128] The resulting Si02 film had a wet etch rate of 3.2 Ang/sec using 0.1 % v/v 

HF (determined by ellipsometry) and N concentration of ~1%. Such a low etch rate is 

found to be beneficial for spacer-based double patterning to enable a low edge 

roughness in the transfer layer when the ALD-deposited silicon oxide film is used as 

a mask. The person of ordinary skill in the art would recognize that the Oxygen to 

Nitrogen content in the obtained film can be tuned by adjusting the number, 

sequence or/and duration of the O containing reactant and N containing reactant 

pulses. Applicant believes that a N concentration of approximately 0.5 atomic % to 

approximately 5 atomic % in an Si02 film is beneficial for the spacer-defined 

patterning applications. 

Example 6 

[00129] ALD tests were performed using the (SiH3)2N-SiH2-N(SiH3)2, which was 

placed in an ampoule heated to 26°C and O2 plasma as oxidizing reactant. Typical 

ALD conditions were used with the reactor pressure fixed at ~9 hPa. Three 0.1-

second pulses of the precursor vapor were introduced into the deposition chamber 

via overpressure in the ampoule using the 3-way pneumatic valve. The 0.1-second 

pulses were separated by a 0.5 second pause. A 4-second N2 purge removed any 

excess precursor. A 16-second plasma O2 pulse was followed by a 3-second N2 

purge. The entire process (precursor - plasma 02 -) was repeated until the 

thickness reached at least 300 Ang. As shown in FIG 6, the growth per cycle 

increased with increasing deposition temperatures from 150°C to 300°C. FIG 6 also 

shows comparative growth per cycle results of five 0.1-second pulses versus three 

0.1-second pulses. Both were approximately 0.6 A/cycle, indicating true ALD 

saturation because the larger amounts of precursor introduced via 5 pulses do not 

result in a higher growth rate than the film produced by 3 pulses. 
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[00130] The growth rate was approximately 0.58 Ang/cycle at 150°C and resulted 

in a film having a refractive index of 1.45. For comparison, attempts to grow a Si02 

film by ALD using pure TSA in similar conditions have not yielded any films, thus 

proving the benefit of the chemical functionalization to enhance the reactivity with the 

surface hydroxyl groups. 

Example 7 

[00131] ALD tests were performed using (SiH3)2N-SiH2-NEt2 as the silicon-

containing film forming composition 10, which was placed in an ampoule heated to 

70°C and O2 plasma as oxidizing reactant. Typical ALD conditions were used with 

the reactor 50 pressure fixed at ~9 hPa (1 hPa=100 Pa=1mbar). Two 0.1-second 

pulses of the precursor vapor were introduced into the deposition chamber via 

overpressure in the ampoule using the 3-way pneumatic valve 51. The pulses were 

separated by a 0.5 second pause. A 4-second N2 purge removed any excess 

precursor. A 16-second plasma O2 pulse was followed by a 3-second N2 purge. The 

process was repeated until a minimum thickness of 300 Angstrom was obtained. 

Depositions were performed with the substrate heated to 150°C. A self limited ALD 

growth behavior was found as shown in FIG 7 by increasing the number of precursor 

pulses to reach a cumulative opening time higher than 0.4 second per cycle. 

[00132] As in Example 4, the approximately 3.0 A/cycle growth rate for films 

produced by (SiH3)2N-SiH2-NEt2 at 150°C is much better than the 1.42 A/cycle and 

0.98 A/cycle produced by SiH2(NEt2)2 at 70°C and 300°C, respectively. 

Example 8 

[00133] ALD tests were performed using (SiH3)2N-SiH2-CI as the silicon-containing 

film forming composition 10, which was placed in an ampoule heated to 30°C and O2 

plasma as oxidizing reactant. (SiH3)2N-SiH2-CI gas a molecular weight of 141.78, is 

liquid at room temperature and standard pressure, and has a boiling point at 

standard pressure between approximately 83°C and approximately 85°C. 

[00134] Typical ALD conditions were used with the reactor 50 pressure fixed at ~9 

hPa (1 hPa=100 Pa=1mbar). Two 0.1-second pulses of the precursor vapor were 

introduced into the deposition chamber via overpressure in the ampoule using the 3-

way pneumatic valve 51. The 0.1-second pulses were separated by a 0.5 second 

pause. A 4-second N2 purge removed any excess precursor. A 16-second plasma 
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O2 pulse was followed by a 3-second N2 purge. The process was repeated until a 

minimum thickness of 300 Angstrom was obtained. Depositions were performed 
with the substrate heated to 100°C, 150°C, 200°C, 250°C, and 300°C. As shown in 

FIG 8, the growth per cycle remained steady (i.e., approximately 2 A/cycle) with 

increasing deposition temperatures from 100°C to 300°C. 

[00135] The resulting silicon oxide films were deposited at a high deposition rate 

(approximately 2A/cycle) at multiple temperatures. These results are beneficial 

when temperature uniformity is difficult to maintain across the substrate (i.e., for 

large substrates) or from one substrate to another due to temperature gradients in 

the reactor. 

[00136] The average thickness of the film was also uniform across the wafer. 

Table 2 summarizes the film uniformity obtained. These results demonstrate 

extremely good film uniformity. 

Experiment 
Number 
(Process 

Conditions) 

Deposition 
Temp. (°C) 

Average 
Thickness 

(A) 

Non 
Uniformity1 

(%) 

o2 3 o/Average 
(%) 

1272 (1 x 0.1 s) 100 321 1.04 1.66 1.56 

1256 (2 x. 0.1 s) 100 329 1.07 1.59 1.45 

1271 (3x0.1 s) 100 323 0.93 1.34 1.24 

1252 (1 x 0.1 s) 150 590 1.30 4.45 2.26 

1253 (2x0.1 s) 150 585 1.96 6.61 3.39 

1267 (1 x 0.1 s) 200 319 0.66 1.09 1.03 

1273 (2x0.1 s) 200 325 1.15 1.94 1.79 

1268 (3x0.1 s) 200 324 1.15 2.01 1.87 

1263 (1 x 0.1 s) 250 362 0.74 1.37 1.13 

1265 (2x0.1 s) 250 317 0.88 1.27 1.20 
1 % non-uniformity = [(maximum thickness - minimum thickness)/(2x average)] x 100 
2 o = standard deviation 

Example 9 

[00137] Thermal, low pressure CVD tests were performed using (SiH3)2N-SiH2-CI 

and NH3 at 1 torr, 550°C, and a precursor to NH3 ratio of 1:20. FIG 9 is a X-ray 

Photoelectron Spectroscopy (XPS) graph showing the resulting film composition. CI 

was below the detection limit of the analyser (< ~ 1 atomic %). The deposition rate 
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was 10 A/min and the Refractive Index (Rl) of the obtained film was 2.1. For 

comparison, films obtained in the same conditions with TSA had a Rl of 2.2 (silicon 

rich) and a similar deposition rate. The resulting film had a very low etch rate (<20 

A/minute), which is beneficial in semiconductor integration schemes. 

Example 10 

[00138] PE-ALD tests were performed at 250°C on a different ALD tool than the 

ALD tests performed in Examples 4-8 (i.e., a CN1 Atomic Premium vapor deposition 

apparatus) using a 150 mm wafer. (SiH3)2N-SiH2-CI (TSA-CI) and plasma N2 at 25 W 

and 100 Wwere used to deposit SiN films. 

[00139] As shown in FIG 10, the resulting films exhibited very low wet etch rate as 

compared to BDEAS (bis(diethylamino)silane), TSA, and the reference Thermal 

Oxide (Th-ox). The etch rates are described relative to a standard wet etch of 

thermally grown silicon dioxide (Thermal Oxide or Th-ox). 

[00140] The SiN films produced by TSA and TSA-CI using 25 W had etch rates 

that were lower than the reference material Th-Ox. The lower etch rates mean that 

less material thickness is removed from the SiN films produced by TSA and TSA-CI 

than Th-Ox (under the same conditions and parameters). At 100 W, the etch rates of 

the SiN films produced by TSA-CI produce the closest results to the Th-Ox. 

[00141] FIGS 11a and b are Scanning Electron Microscope (SEM) images 

showing good step coverage and conformality of the SiN films deposited on a 

structure located between two vias having a 5:1 aspect ratio. 

Example 11 

[00142] FIGS 12 a and b are SEM images showing the silicon oxide film obtained 

by spatial ALD with TSA-NiPr2 / 02 plasma at 60 cycles per minutes, 100°C, 

indicating a perfect step coverage in a 22:1 high aspect ratio structure. A clear 

underlying Ta205 layer was added for contrast enhancement. The pictures are taken 

at the top (FIG 12a) and bottom (FIG 12b) of the trench structure. 

Example 12 

[00143] FIGS 13 a and b are graphs showing the thermal stability of TSA-NiPr2 

and TSA-NEt2 [(H3Si)2-N-SiH2-NiPr2 and (H3Si)2-N-SiH2-NEt2], respectively, by 

thermal screening unit. In such a measurement, the pressure of a sealed sample is 
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measured continuously during 24 hours at a set temperature (here 65°C). A lack of 

significant pressure change indicates product stability. The observed P oscillation 

are insignificant here and associated with minute T variations. 

[00144] While embodiments of this invention have been shown and described, 

modifications thereof may be made by one skilled in the art without departing from 

the spirit or teaching of this invention. The embodiments described herein are 

exemplary only and not limiting. Many variations 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, but is only limited by the claims which follow, the scope of which shall include 

all equivalents of the subject matter of the claims. 
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What is claimed is: 

1. A silicon- and nitrogen-containing film formation process, the process 

comprising the steps of: 

Depositing a silicon- and nitrogen-containing film on a substrate by introducing 

a vapor of a mono-substituted TSA precursor and a nitrogen-containing reactant into a 

reactor containing the substrate, the mono-substituted TSA precursor having a formula 

(SiH3)2N-SiH2-X, wherein X is a halogen atom or an amino group [-NR2] and each R is 

independently selected from the group consisting of H; a C1-C6 hydrocarbyl group; or a 

silyl group [SiR'3] with each R' being independently selected from H or a C1-C6 

hydrocarbyl group. 

2. The silicon- and nitrogen-containing film formation process of claim 1, wherein 

X is CI, Br, or I. 

3. The silicon- and nitrogen-containing film formation process of claim 2, wherein 

X is CI. 

4. The silicon- and nitrogen-containing film formation process of claim 1, wherein 

X is NiPr2. 

5. The silicon- and nitrogen-containing film formation process of claim 1, wherein 

X is NEt2. 

6. The silicon- and nitrogen-containing film formation process of claim 1, wherein 

X is N(SiH3)2. 

7. The silicon- and nitrogen-containing film formation process of any one of claims 

1 to 6, wherein the nitrogen-containing reactant is selected from the group consisting 

of ammonia, N2, N atoms, N radicals, N ions, saturated or unsaturated hydrazine, 

amines, diamines, ethanolamine, and combinations thereof. 

8. The silicon- and nitrogen-containing film formation process of claim 7, wherein 

the nitrogen-containing reactant is NH3. 
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9. The silicon- and nitrogen-containing film formation process of claim 8, wherein 

the mono-substituted TSA precursor and the nitrogen-containing reactant are 

introduced into the reactor simultaneously. 

10. The silicon- and nitrogen-containing film formation process of claim 7, wherein 

the nitrogen-containing reactant is plasma N2. 

11. The silicon- and nitrogen-containing film formation process of claim 10, wherein 

the mono-substituted TSA precursor and the nitrogen-containing reactant are 

introduced into the reactor sequentially. 

12. An ALD silicon nitride film formation process, the process comprising the 

steps of: 

Depositing on a substrate a silicon nitride film having an etch rate from 0.1 % 

w/w HF normalized to thermally grown silicon dioxide in a range from approximately 

0.7 to approximately 3.5 by sequentially introducing a vapor of a mono-substituted 

TSA precursor and a nitrogen-containing reactant into a reactor containing the 

substrate, the mono-substituted TSA precursor having a formula (SiH3)2N-SiH2-X, 

wherein X is a halogen atom or an amino group [-NR2] and each R is independently 

selected from the group consisting of H or a C1-C6 hydrocarbyl group. 

13. The ALD silicon nitride film formation process of claim 12, wherein the nitrogen-

containing reactant is selected from the group consisting of ammonia, N2, N atoms, N 

radicals, N ions, saturated or unsaturated hydrazine, amines, diamines, ethanolamine, 

and combinations thereof. 

14. The ALD silicon nitride film formation process of claim 13, wherein the nitrogen-

containing reactant is plasma N2. 

15. The ALD silicon oxide film formation process of any one of claims 12 to 14, 

wherein X is CI, Br, or I. 
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16. The ALD silicon oxide film formation process of any one of claims 12 to 14, 

wherein X is CI. 
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