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• isolating the N-H free and Si-rich perhydropolysilazane composition by 

filtration; 

• producing the N-H free and Si-rich perhydropolysilazane composition without 

treating the composition to remove any N-H bonds; or 

• wherein the N-H free and Si-rich perhydropolysilazane composition is N-H 5 

free without requiring heating to remove any N-H bonds. 

 

In one aspect, there is provided a N-H free, C-free, and Si-rich 

perhydropolysilazane composition having a molecular weight ranging from 17,000  to 

80,000 dalton, preferably from 20,000 to 50,000 dalton; and comprising N-H free 10 

repeating units having the formula [-N(SiH3)x(SiH2-)y], wherein x=0, 1, or 2 and y= 0, 

1, or 2 with x+y=2 ; and x= 0, 1 or 2 and y=1, 2, or 3 with x+y=3. 

 

N-H free, C-free, and Si-rich perhydropolysilazane compositions having a 

molecular weight ranging from approximately 332 dalton to approximately 100,000 15 

dalton and produced by any of the methods above are also disclosed.  The N-H free, 

C-free, and Si-rich perhydropolysilazane compositions may have one or more of the 

following embodiments: 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition comprising 

N-H free repeating units having the following formula [-N(SiH3)x(SiH2-)y], 20 

wherein x=0, 1, or 2 and y= 0, 1, or 2 with x+y=2 ; and x= 0, 1 or 2 and y=1, 2, 

or 3 with x+y=3; 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition consisting 

essentially of N-H free repeating units having the following formula [-

N(SiH3)x(SiH2-)y], wherein x=0, 1, or 2 and y= 0, 1, or 2 with x+y=2 ; and x= 0, 25 

1 or 2 and y=1, 2, or 3 with x+y=3; 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition consisting 

of N-H free repeating units having the following formula [-N(SiH3)x(SiH2-)y], 

wherein x=0, 1, or 2 and y= 0, 1, or 2 with x+y=2 ; and x= 0, 1 or 2 and y=1, 2, 

or 3 with x+y=3;  30 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition having a 

Si:N ratio ranging from approximately 1.5:1 to approximately 2.5:1 
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• the N-H free, C-free, and Si-rich perhydropolysilazane composition comprising 

between approximately 0 wt% and approximately 1wt % of any N-H 

containing unit;  

•  the N-H free, C-free, and Si-rich perhydropolysilazane composition 

comprising between approximately 99 wt% to approximately 100 wt% of N-H 5 

free repeating units having the N atoms bonded to 3 silicon atoms;  

• the N-H free, C-free, and Si-rich perhydropolysilazane composition being a 

liquid at standard temperature and pressure;
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• the N-H free, C-free, and Si-rich perhydropolysilazane composition having an 

average molecular weight Mn ranging from approximately 17,000 to 

approximately 80,000; 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition having an 

average molecular weight Mn ranging from approximately 20,000 to 5 

approximately 50,000; 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition having no 

–Si(-)(H)-; 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition having a 

SiH2:SiH3 ratio ranging from approximately 1 to approximately 5; or  10 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition having an 

average molecular weight Mn preferably from approximately 3.5 to 

approximately 4.5. 

 

In another aspect, there is provided a spin-on Si-containing film forming 15 

composition comprising a N-H free, C-free, and Si-rich perhydropolysilazane 

composition having a molecular weight ranging from 17,000 dalton to 80,000 dalton, 

preferably from 20,000 to 50,000, and comprising N-H free repeating units having 

the formula [-N(SiH3)x(SiH2-)y], wherein x=0, 1, or 2 and y= 0, 1, or 2 with x+y=2 ; 

and x= 0, 1 or 2 and y=1, 2, or 3 with x+y=3. 20 

 

Si-containing film forming compositions comprising the N-H free, C-free, and Si-

rich perhydropolysilazane compositions produced by any of the methods above are 

also disclosed.  The Si-containing film forming compositions may have one or more 

of the following embodiments: 25 

• the Si-containing film forming composition being a spin-on film forming 

composition; 

• the Si-containing film forming composition being a vapor deposition film 

forming composition; 

• the Si-containing film forming composition consisting essentially of the N-H 30 

free, C-free, and Si-rich perhydropolysilazane;  

• the Si-containing film forming composition consisting of the N-H free, C-free, 

and Si-rich perhydropolysilazane;
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• the N-H free, C-free, and Si-rich perhydropolysilazane composition comprising 

N-H free repeating units having the following formula [-N(SiH3)x(SiH2-)y], 

wherein x=0, 1, or 2 and y= 0, 1, or 2 with x+y=2 ; and x= 0, 1 or 2 and y=1, 2, 

or 3 with x+y=3; 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition consisting 5 

essentially of N-H free repeating units having the following formula [-

N(SiH3)x(SiH2-)y], wherein x=0, 1, or 2 and y= 0, 1, or 2 with x+y=2 ; and x= 0, 

1 or 2 and y=1, 2, or 3 with x+y=3; 

 

In another aspect, there is provided a spin-on Si-containing film forming 10 

composition comprising a N-H free, C-free, and Si-rich perhydropolysilazane haiving 

N-H free repeating units having the formula [-N(SiH3)x(SiH2-)y], wherein x=0, 1, or 2 

and y= 0, 1, or 2 with x+y=2 ; and x= 0, 1 or 2 and y=1, 2, or 3 with x+y=3, the spin-

on Si-containing film forming composition being a liquid at standard temperature and 

pressure 15 
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• the N-H free, C-free, and Si-rich perhydropolysilazane composition consisting 

of N-H free repeating units having the following formula [-N(SiH3)x(SiH2-)y], 

wherein x=0, 1, or 2 and y= 0, 1, or 2 with x+y=2 ; and x= 0, 1 or 2 and y=1, 2, 

or 3 with x+y=3;  

• the N-H free, C-free, and Si-rich perhydropolysilazane composition having a 5 

Si:N ratio ranging from approximately 1.5:1 to approximately 2.5:1; 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition comprising 

between approximately 0 wt% and approximately 1wt % of any N-H 

containing unit;  

•  the N-H free, C-free and Si-rich perhydropolysilazane composition comprising 10 

between approximately 99 wt% to approximately 100 wt% of N-H free 

repeating units having the N atoms bonded to 3 silicon atoms. 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition being a 

liquid at standard temperature and pressure; 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition having an 15 

average molecular weight Mn ranging from approximately 17,000 to 

approximately 80,000; 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition having an 

average molecular weight Mn ranging from approximately 20,000 to 

approximately 50,000; 20 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition having no 

–Si(-)(H)-; 

• the N-H free, C-free, and Si-rich perhydropolysilazane composition having a 

SiH2:SiH3 ratio ranging from approximately 1 to approximately 5;  

• the N-H free, C-free, and Si-rich perhydropolysilazane composition having an 25 

average molecular weight Mn preferably from approximately 3.5 to 

approximately 4.5; 

• further comprising a solvent; 

• the solvent being hydrocarbons, ketones, ethers, amines, esters, or 

combinations thereof; 30 

• the solvent being benzene, toluene, xylene, n-hexane, mesitylene, or 

combinations thereof;  
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Applicants believe that the absence of N-H in the PHPS reaction product may 

make conversion of the PHPS to SiO2 easier at lower temperatures than the prior art 

N-H containing PHPS compositions. 

Applicants further believe that the absence of N-H in the PHPS reaction 

product makes the claimed PHPS less reactive to air and water than prior art 5 

perhydropolysilazanes. This is partially demonstrated in Example 17.  This lower 

reactivity may permit spin on deposition to be performed in air rather than in an inert 

atmosphere.  This alone would significantly reduce the cost of manufacture.  

Additionally, the claimed PHPS material is more stable than prior art 

perhydropolysilazanes.  The prior art N-H containing perhydropolysilazanes may 10 

undergo cross-linking between the N-H and the Si-H, resulting in the release of H2, 

and therefore requires cold storage.  As a result, storage of the claimed PHPS 

materials will be easier and safer than that of the prior art N-H containing 

perhydropolysilazanes.  The lower reactivity may also reduce the number of defects 

that result from uncontrolled oxidation.  As shown in Example 17, the prior art 15 

perhydropolysilazane became cloudy when exposed to air.  The cloudiness results 

from the colloidal suspension of particles and particles are well known to be 

detrimental in the semiconductor industry. 

 

Si:N Ratio 20 

Whether linear, branched, or a mixture of both, the Si:N ratio decreases from 

a maximum of 3:1 for the TSA reactant (i.e., 3 Si:1 N) to 2.5:1 for BDSASI (i.e., 5 

Si:2 N) to a minimum of 1.5:1 (see structure below in which all Ns attach to 3 SiH2 

and all SiH2 attach to 2 N, producing the minimum 3 Si: 2 N or 1.5 Si:N ratio) as the 

size of the PHPS increases.  25 

When the PHPS reaction product is formed solely by successive desilylative 

coupling without any intramolecular coupling of 2 SiH3 belonging to the same 

molecule, the Si:N ratio ranges between 2.5:1 (BDSASi) and 2:1 (i.e., for an infinite 

linear polymer having (-SiH2-N(SiH3)-)n structure or fully branched structure with SiH2 

only in the center and SiH3 at the end of the chains).   30 

A fully desilylated PHPS having undergone intramolecular desilylative 

coupling between all its -SiH3 groups (idealized by the infinite ladder case below for 

instance) would have a Si:N ratio of 1.5:1, as each -SiH2- is bonded to 2 N, and each 

N is bonded to 3 Si.   
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In another alternative, the polymer or oligomer may contain cyclic units formed 

from 3 or more (-N(SiH2 or 3)SiH2-) units. Such oligomers would have an Si:N ratio in 

between the ladder structure below (i.e., Si:N > 1.5:1) but equal to or below the 

purely linear case for a polymer having the same number of N atoms (i.e.,Si:N ≤ 2:1). 

This phenomenon is depicted in FIG 1, which shows the Si:N ratio on the y 5 

axis and the number of trisilylamine reactant additions on the x axis.  As can be seen 

in FIG 1, the curve becomes an asymptote approaching Si:N ratio of 2:1 for linear 

PHPS reaction products and 1.5:1 for cross-linked PHPS reaction products. 

The disclosed PHPS composition has a Si:N ratio ranging from between 2.5:1 

and 1.5:1, preferably between 2.5:1 and 1.75:1, but no less than 1.5:1. 10 

As discussed infra, the PHPS compositions may be used to form silicon oxide 

films used for semiconductor applications.  US Pat. App. Pub. No. 2015/004421 to 

Fujiwara et al. demonstrates that the usage of a Si-rich PHPS (i.e., having an Si:N 

ratio higher than the 1:1) is beneficial to achieve low shrinkage of the film obtained 

by spin-on and oxidative annealing. Fujiwara et al. obtain a higher than 1:1 Si:N ratio 15 

by forming the PHPS in a halosilane excess (so that the PHPS still contains Si-Cl 

bonds).  Fujiwara et al. further process the partially chlorinated PHPS oligomers at 

temperatures ranging from 40-200°C, and preferably 100-200°C, to further react the 

Si-Cl with N-H moieties of the polymer, hence trying to create –(SiH2)2NSiH2- 

structures in the polymer.  Id. at paras 0036-0037 and 0043. Alternatively, Fujiwara 20 

et al. add a halosilane to the NH-containing PHPS to yield a similar result.  Id. at 

para 0038.  Still, Fujiwara’s method suffers from the need to process a chlorinated 

silane (hence the formation of NH4Cl solid in Example 3), and limits the effective Si:N 

ratio to 1.4:1.  Id. at Table 1. The PHPS also still contains N-H moieties, and hence 

subject to instability from Si-H / N-H elimination yielding further cross linking and 25 

evolution of the molecular weight distribution.  

As discussed infra, the PHPS compositions may also be used to form silicon 

nitride films. The wet etch rate of silicon nitride films used in the semiconductor industry 

by a HF-based solution depends upon the Si:N ratio and on the H concentration of the 

silicon nitride film (Longjuan et al., Journal of Semiconductors, Vol. 30, No. 9, 30 

September 2009). Longjuan et al. decreased the silicon nitride etch rate by (a) 

increasing the Si:N ratio of the film through optimization of the deposition parameters 

(i.e., increasing the SiH4 gas flow rate and/or decreasing the NH3 and N2 gas flow rate) 

and (b) releasing H after film formation using high temperature rapid thermal annealing 
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may be the same or different from the catalyst used to synthesize the PHPS 

composition.  Exemplary catalysts may be selected to facilitate further densification 

of the PHPS in subsequent processing steps by catalyzing further desilylative 

coupling (DSC), cross-linking, or H2 elimination. Such catalysts should be selected 

for their low activity at room temperature to keep the composition stable upon 5 

storage, and only induce reactions when heated to a temperature higher than room 

temperature, and ideally between 50°C and 200°C. For instance, P(Ph)3, P(Tolyl)3 or 

metal carbonyl may be suitable catalysts for high temperature activation.  The 

composition may also contain photoactive materials that will induce further cross-

linking upon exposure to photons, such as photo-acid generators and photoinitiators 10 

such as radical initiators, cationic initiators, anionic photoinitiators, like mono-aryl 

ketones, trimethylbenzoyldiphenyl phosphinates, and/or phospine oxides. 

The catalyst may also promote the conversion of the PHPS to silica. 

The Si-containing films may be deposited using any coating methods known 

in the art.  Examples of suitable coating methods include spin coating, dip coating, 15 

spray coating, fiber spinning, extrusion, molding, casting, impregnation, roll coating, 

transfer coating, slit coating, etc.  The liquid PHPS formulations may also contain a 

ceramic filler, such as BN, SiN, SiCN, SiC, Al2O3, ZrO2, Y2O3, and/or Li2O powders.  

The coating method is preferably spin coating in order to provide suitable film 

thickness control. 20 

The liquid form of the PHPS composition may be applied directly to the center 

of the substrate and then spread to the entire substrate by spinning or may be 

applied to the entire substrate by spraying.  When applied directly to the center of the 

substrate, the substrate may be spun to utilize centrifugal forces to evenly distribute 

the composition over the substrate. One of ordinary skill in the art will recognize that 25 

the viscosity of the PHPS composition will contribute as to whether rotation of the 

substrate is necessary.  Alternatively, the substrate may be dipped in the PHPS 

composition.  The resulting films may be dried at room temperature for a period of 

time to vaporize the solvent or volatile components of the film or dried by force-

drying or baking or by the use of one or a combination of any following suitable 30 

process including thermal curing and irradiations, such as, ion irradiation, electron 

irradiation, UV and/or visible light irradiation, etc.   

The PHPS containing formulation may be used to form spin-on dielectric film 

formulations (tone inversion layers, for instance) or for anti-reflective films. The PHPS 
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3DSAS 

 

4DSAS-A – linear 

 5 

4DSAS-B – branched 

Applicants believe that 4DSAS-A is the linear isomer and 4DSAS-B is the 

branched isomer based on prior art references that describes branched isomers 

being retained longer in a GC column. 

As demonstrated, chloride containing catalysts may result in some chloride 10 

containing PHPS reaction products. 

 

Example 3: Synthesis of perhydropolysilazane in pentane 

TSA (5 g, 46.6 mmol) was mixed in pentane (6.3 g, 10 mL) and 

tris(pentafluorophenyl)borane (25 mg, 0.05 mmol) was added in a glass vial under 15 

nitrogen atmosphere. Mild gas evolution was observed and the clear colorless liquid 

turned cloudy within a few minutes. The progress of the reaction was monitored by 

Gas Chromatography (GC) analysis. FIG 4 is a comparative GC graph showing the 

TSA reactant, pentane solvent, and bis(disilylamino)silane reaction intermediate 

((SiH3)2-N-SiH2-N-(SiH3)2 or BDSASI) peaks after 10 minutes and 4 hours of reaction 20 

time.  As shown in FIG 4, the TSA reactant was consumed in 4 hours and the 

amount of BDSASI reaction intermediate also decreases with time.  

The cloudy solution was allowed to stand overnight at room temperature. At this 

point, a gel-like solid was formed. The solvent was removed under vacuum resulting in 

a colorless crystalline solid (2.6 g). The solid was analyzed by FTIR and TGA/DTA.  25 

The FTIR results are shown in FIG 5.  One of ordinary skill in the art will recognize that 
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We claim: 

 

1.  A N-H free, C-free, and Si-rich perhydropolysilazane composition having a 

molecular weight ranging from 17,000  to 80,000 dalton, preferably from 20,000 to 

50,000 dalton; and comprising N-H free repeating units having the formula [-5 

N(SiH3)x(SiH2-)y], wherein x=0, 1, or 2 and y= 0, 1, or 2 with x+y=2 ; and x= 0, 1 or 2 

and y=1, 2, or 3 with x+y=3. 

 

2. The N-H free, C-free, and Si-rich perhydropolysilazane composition of claim 

1, the composition having a Si:N ratio ranging from 1.5:1 to  2.5:1. 10 

 

 

3. The N-H free, C-free, and Si-rich perhydropolysilazane composition of claim 

1, the composition having no –Si(-)(H)- and a SiH2:SiH3 ratio ranging from  1 to 5, 

preferably from 3.5 to  4.5. 15 

 

4.  The N-H free, C-free, and Si-rich perhydropolysilazane composition of any 

one of claims 1 to 3, the composition being a liquid at standard temperature and 

pressure. 

 20 

5. A spin-on Si-containing film forming composition comprising a N-H free, C-

free, and Si-rich perhydropolysilazane composition having a molecular weight 

ranging from 17,000 dalton to 80,000 dalton, preferably from 20,000 to 50,000, and 

comprising N-H free repeating units having the formula [-N(SiH3)x(SiH2-)y], wherein 

x=0, 1, or 2 and y= 0, 1, or 2 with x+y=2 ; and x= 0, 1 or 2 and y=1, 2, or 3 with 25 

x+y=3.  
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6. The spin-on Si-containing film forming composition of claim 5, the N-H free, C-

free, and Si-rich perhydropolysilazane composition having a Si:N ratio ranging from 

1.5:1 to 2.5:1. 

 

 5 

7. The spin-on Si-containing film forming composition of claim 5, the N-H free, C-

free, and Si-rich perhydropolysilazane composition having no –Si(-)(H)- and a 

SiH2:SiH3 ratio ranging from 1 to 5, preferably from 3.5 to 4.5. 

 

8.  The spin-on Si-containing film forming composition of any one of claims 5 to 10 

7, the N-H free, C-free, and Si-rich perhydropolysilazane composition being a liquid 

at standard temperature and pressure. 

 

9. The spin-on Si-containing film forming composition of claim 8 further 

comprising a solvent or a solvent system. 15 

 

10. The spin-on Si-containing film forming composition of claim 9, wherein the 

solvent or the solvent system comprises hydrocarbons, ketones, ethers, amines, 

esters, or combinations thereof. 

 20 

11. The spin-on Si-containing film forming composition of claim 9, wherein the 

solvent or the solvent system comprises benzene, toluene, xylene, n-hexane, 

mesitylene, methylethylketone, cyclohexanone, 2-heptanone, ethyl ether, 

tetrahydrofuran, pyridine, xylene, methyl pyridine, 2-hydroxy ethyl propionate, 

hydroxyl ethyl acetate, or combinations thereof. 25 

 

12. A method of forming a Si-containing film on a substrate, the method 

comprising contacting the spin-on Si-containing film forming composition of any one 

of claims 5 to 7 with the substrate via a spin coating, spray coating, dip coating, or 

slit coating technique to form the Si-containing film. 30 

 

13. The method of claim 12, wherein the substrate comprises trenches having an 

aspect ratio ranging from 1:1 to 1:100. 
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14. The method of claim 13, wherein the trenches have a critical dimension 

ranging from 10 nm to 1 micron. 

 

15. The method of any one of claims 12 to 14, wherein the Si-containing film is 5 

SiO2 having a wet etch rate ranging from 1 to 5 as compared to thermal oxide grown 

at 1100°C, preferably ranging from 1 to 3. 

 

16. A spin-on Si-containing film forming composition comprising a N-H free, C-

free, and Si-rich perhydropolysilazane having N-H free repeating units having the 10 

formula [-N(SiH3)x(SiH2-)y], wherein x=0, 1, or 2 and y= 0, 1, or 2 with x+y=2 ; and 

x= 0, 1 or 2 and y=1, 2, or 3 with x+y=3, the spin-on Si-containing film forming 

composition being a liquid at standard temperature and pressure. 

 

 15 

 

 

 

 

 20 

 

 

 

 

 25 

 

 


