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ABSTRACT

Si(Al)ON precursor was synthesized by formation of new Si-N bond using organoaluminum imine and liquid type poly(phenyl

carbosilane). It was decomposed between 200 - 600°C, and the ceramic yield was 51% after pyrolysis. 150 – 200 nm in thickness

of coating film was obtained by spin coating method. The precursor was easily oxidized during process because it was unstable in

air. However the oxygen content was limited to 0.5 - 0.7 to silicon in heat treatment step. Even though the content of nitrogen

was decreased by pyrolysis, Al-N and Si-N bonds were formed in ammonia atmosphere, and Si(Al)ON film was formed with 0.2

in content to silicon.
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1. Introduction

hile SiAlON materials have been used as a cutting tool

material due to their chemical stability, high-tempera-

ture stability and excellent mechanical properties,1-3) it has

been studied also as an LED material with doping of vari-

ous metal ions,4-5) and possibilities as a composite material

have been consistently proposed.6-8) As SiAlON materials

can be produced from clay minerals by carbothermal reduc-

tion method, and also by using sol-gel or preceramic poly-

mers,9-11) conditions of these precursors such as liquidity,

ceramic yield, etc. should be satisfied to be used as a matrix

material for composites. Preceramic polymers represented

by polycarbosilane, polysilazane, etc. have been developed

as a ceramic precursor based on the fact that ceramic pro-

duction in a variety of forms such as fiber, coating, etc. is

possible, and development of various types of preceramic

polymers is in demand as studies on ceramic-ceramic com-

posites with functionality are being conducted recently, and

studies on ceramic precursors have also been implemented

in the case of SiAlON.

Preceramic polymers exhibit pyrolysis behavior at stages

before being converted to ceramic. Although most organic

molecular structures are decomposed and lost in the pyroly-

sis process completed around 600oC, contents of the ele-

ments remaining at this time not only become an important

factor which determines conditions for additional pyrolysis

or crystallization at temperatures above 1000oC, but also

can affect material properties of the final product. In the

existing studies, poly (phenyl carbosilane) (PPCS) as a car-

bosilane-based polymer has been synthesized, and features

of the films formed through a pyrolysis process have been

affirmed.12-14) In the present study, Si(Al)ON polymer pre-

cursors with addition of a small amount of aluminum(Al) by

using imine-based organoaluminum and liquid-phase PPCS

as starting materials were prepared, and compositional

changes were ascertained in Si-Al-O-N formed from the pre-

cursors as a function of pyrolysis conditions.

2. Experimental Procedure

2.1. Synthesis of Si(Al)ON polymer precursors

20 ml of DIBAL-H (diisobutylaluminum hydride, reagent

grade, Sigma Aldrich) was mixed with 40 ml of anhydrous

toluene (99.8%, Sigma Aldrich) for preparation. After add-

ing 40 ml of anhydrous toluene and 12 ml of ACN (acetoni-

trile, anhydrous, 99.8%, Sigma Aldrich) to a 3-neck flask,

the solution was agitated in an ice bath. The DIBAL-H solu-

tion was prepared in a dropping funnel, and slowly dropped

into the ACN solution being agitated. When mixing of ACN

and DIBAL-H was completed, it was subjected to heating

reaction while maintaining stirring after installing a reflux

condenser. At this time, reaction conditions were imple-

mented at 150oC and 200oC for 6 h and 3 h, respectively,

with the nitrogen atmosphere being maintained in all

stages described earlier. The solvent was removed through

distillation after the reaction completed.

1, 5, 8 g of AlN polymer precursor were mixed with 20 g of

PPCS (poly(phenyl carbosilane), Mw 1,660, ToBeM Tech) in

the liquid condition, respectively, followed by heating reac-
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tion at 250oC for 5 days under nitrogen atmosphere. The

precursor with the reaction completed was obtained as a

brown-colored material of high viscosity.

3.2. Coating and analysis method

20 wt% solution of Si(Al)ON precursor was prepared.

Quartz plate of 15 × 15 mm in size was used as a substrate

material, spin-coated at the velocity of 3500 rpm, and dried

subsequently at room temperature. Dried coating film was

cured for 1 hour in an oven preheated to 200oC to prevent

collapse in heat treatment stages, and the heat treatment

was performed at 600oC under the atmosphere of air, nitro-

gen and ammonia, respectively.

To check for synthesis status of Si(Al)ON precursors and a

change in chemical structures of coating film, FT-IR

(JASCO FTIR 4100, Jasco Inc.) analysis was conducted. In

the case of precursors, measurements were made in trans-

mission mode by using KBr window, while ATR(attenuated

total reflectance) mode was used in the case of coating film.

Pyrolysis behavior of Si(Al)ON was checked by TG-DSC

(TGA 400, Perkin Elmer), and element contents were con-

verted from analysis results of X-ray photoelectron spectros-

copy (PHI 5000 VersaProbe instrument, Ulvac-PHI Inc.) for

dried precursors and coating films obtained by heat treat-

ment.

3. Results and Discussion

3.1. Synthesis of Si(Al)ON precursors

AlN precursor can be obtained by reacting DIBAL-H with

ACN (reaction formula 1),15) the basic structure of which is

the same as A. Depending on reaction conditions, A can

grow in diversified forms.16-17) Whereas DIBAL-H can be

explosively oxidized, AlN precursor has advantages that not

only oxidation rates are lowered with formation of polymer

body but also it can be formed in a fiber or film form. In the

present study, AlN precursor was used as a starting mate-

rial to produce Si(Al)ON precursor. Here, formation status

of C-Al-N bonds was checked by using FT-IR. In general,

while the bonds of Al-C and Al-N appear at 630 - 690 cm−1

and 490 - 520 cm−1,18) these peaks could be affirmed at the

positions of 677 cm−1 and 501 cm−1 in Fig. 1(a).

The structure of PPCS as another starting material is the

same as B. The structure and features of PPCS have

been elucidated in the existing study.12) In the present

study, types of the bonds affirmed in FT-IR are denoted

in Fig. 1(b), and schematically shown together in Fig. 1 to

ascertain the changes occurring as a function of added

amounts of AlN precursor. The FT-IR spectra of Si(Al)ON

precursor shown in Fig. 2(c), (d), (e) did not reveal a marked

difference when compared with PPCS. However, reduction

in intensity of the peak at 2120 cm-1 with an increase in the

contents of AlN precursor may be affirmed, which is rele-

vant to Si-H of PPCS and is presumed result from relative

reduction in the amount of Si-H with new bonds being

formed between Si and N. As Si-N bonds also increase the

molecular weight of PPCS, it is presumed that there is an

effect according to the added amounts, considering that FT-

IR spectrum appears broader, the higher the added amount

of AlN precursor. 

Thermal analysis was conducted for thus-synthesized

SiAlON precursor, with the results shown schematically in

Fig. 2. Considering pyrolysis behavior in air and nitrogen,

stability is shown to be relatively maintained up to 200oC

without changes in the weight, while pyrolysis is affirmed to

be completed above 600oC after undergoing weight reduc-

tion for a few times at temperatures higher than that. At

this time, ceramic yield was shown to be about 50%.

Fig. 1. FT-IR spectra of (a) AlN precursor, (b) poly(phenyl
carbosilane), and SiAlON precursor which were pre-
pared with (c) 1 wt%, (b) 5 wt%, and (e) 8 wt% addi-
tion of AlN precursor.

Fig. 2. Thermal gravimetric analysis results of SiAlON pre-
cursor.
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3.2. Formation of Si(Al)ON film

To form a Si(Al)ON film on quartz surfaces, 20% solution

was used, and spin coating was applied. Cross section image

of dried film is shown in Fig. 3(a), where the thickness of

about 300 nm was formed. As conditions were air, nitrogen

and ammonia, colorless transparent films were obtained in

all specimens after heat treatment as shown in Fig. 4. While

brown color is exhibited after pyrolysis by an excessive

amount of residual carbon in the case of PPCS, a phenome-

non very different from this was observed. A cross section of

the sample with completion of pyrolysis is schematically

shown in Fig. 3(b), where not only no defects occurred in

interfaces and cross sections of the film after heat treatment

but also dense conditions were maintained, with the thick-

ness of coating layer measured to be 150 - 200 nm. There-

fore, a pyrolysis yield at 51% is affirmed to appear as a

shrinkage rate of 30 - 50% in the case of a coating film.

3.3. Evaluation of Si(Al)ON film as a function of

heat treatment atmosphere conditions

Although all thicknesses as well as surface conditions of

the coating films formed under different heat treatment

atmospheres were constant, all chemical compositions of

these films were shown to vary with the atmospheres. Thus,

to affirm changes as a function of heat treatment conditions,

FT-IR analysis results for coating films are schematically

shown in Fig. 5. In the case of Si(Al)ON precursor, large

peaks were observed at 3600 cm−1, 2960 cm−1, 1430 cm−1,

1260 cm−1 positions (Fig. 1(c), (d), (e)), all of which were due

to the alkyl structure such as phenyl or methyl. After heat

treatment, however, peaks were not affirmed at these posi-

tions, which were attributed to the progress of pyrolysis

between 200 - 600oC as ascertained in thermal analysis

results. In addition, the peak at 1100 - 1200 cm−1 position

was due to Si-O, and it could be affirmed that oxygen flown

in was forming bonds with Si accounting for a relatively

large amount upon inflow of the oxygen. Not only that, the

peak appearing at 1670 cm−1 position was due to C = C, and

an excessive amount of carbon originating from the phenyl

structure was observed to remain while maintaining C = C

bonds. 

To check for the element contents of a coating film, surface

analysis was conducted by using X-ray photoelectron spec-

troscopy (XPS). First, the analysis results for Al, O, C, N

contents converted on the basis of silicon content of 1 are

shown in Table 1. Although particular differences were not

apparent according to FT-IR analysis results while differ-

ences in contents were exhibited per condition, large differ-

ences were noted in the contents of carbon and oxygen when

the films with completion of drying stage were compared

Fig. 3. SiAlON film which was prepared on quartz sub-
strate by spin coating method.

Fig. 4. Cross-section of (a) the dried film after spin coating,
and (b) the film which was prepared at 600°C under
nitrogen.

Table 1. Estimated Formula of SiAlON Film after Heat Treatment at 600°C under Various Atmosphere Condition

Sample name
Heat treatment 

condition

Atomic contents (%)
Estimated Formula

Si2p Al2p C1s O1s N1s

DR Dried* 11.00 3.95 63.62 20.12 1.30 Al Si
0.36

 C
5.78

 O
1.83

 N
0.12

TH-A Air 19.88 6.12 14.73 58.03 1.24 Al Si
0.31

 C
2.92

 O
0.74

 N
0.06

TH-N Nitrogen 21.13 6.10 11.64 60.10 1.03 Al Si
0.29

 C
2.84

 O
0.55

 N
0.05

TH-Am Ammonia 20.13 7.13 12.55 55.66 4.53 Al Si
0.35

 C
2.77

 O
0.62

 N
0.22

*Dried sample after spin coating

Fig. 5. FT-IR spectra of SiAlON films which were obtained
at 600°C in (a) air, (b) nitrogen, and (c) ammonia
condition.
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with the films obtained after heat treatment. Since no pyrol-

ysis occurred in the case of dry films (DR) was measured to

be 5.78 close to 6. However, the high contents of O even as

compared with those of the films obtained by heat treat-

ment in atmosphere (TH-A) were unexpected results, which

was presumed to be attributable to instability of AlN pre-

cursor. In general, organic metal substances are often easily

oxidized in atmosphere, and so is the case with Al-N bonds.

AlN precursor was obtained as brown lumps, and yellow

fine powders were observed on the surface as the brown pre-

cursor was slowly oxidized when left alone in air. The

Si(Al)ON precursor where the reaction was proceeded by

mixing of AlN precursor with PPCS was not free from the

characteristics of being oxidized in atmosphere either so

that relative O contents are presumed to have been

increased with an elapse of time after drying. 

On the other hand, in the case of films obtained from heat

treatment, oxygen contents were shown to be lower in com-

parison with those of DR, which is presumed to have been

lost by decomposition of incorporated oxygen into NO condi-

gas in pyrolysis process although it could also be due to a

short time required for the heat treatment stage after dry-

ing. While oxygen contents were maintained at a level of 0.5 -

0.7 in comparison with silicon, Al, O, C contents as a func-

tion of heat treatment conditions showed no large differ-

ences among the heat treatment conditions of air-nitrogen-

ammonia. However, in the case of N contents, they were

measured to be the highest for ammonia condition. This

seems attributable to the fact that ammonia was also pyro-

lyzed to react with Si or Al simultaneously with occurrence

of loss of nitrogen in the heat treatment process. To check

for this in more detail, XPS spectrum was affirmed. 

Figure 6(a) shows spectrum of Al 2p area, where a peak

was shifted to Al-O of 75 eV position while heat treatment

was implemented, although it appeared at 73.9 eV in the case

of DR.19) This is because aluminum and nitrogen elements in

the precursor were rearranged while organic structures were

decomposed in the heat treatment process, although they had

formed bonds with carbon originated in the organic struc-

tures. However, in view that the peak appeared in a range of

73 - 76.5 eV in the case of TH-Am with heat treatment in

ammonia, some appeared to maintain Al-N bonds as well

while forming Al-O. Also, in the case of N 1s domain, all of

these positions were shifted during heat treatment whereas

the peaks for DR were observed in the domain of 398 - 402 eV.

In the case of TH-Am, the peaks appeared markedly at the

positions of 398 eV and 401 eV unlike for other conditions.

This is presumed to be due to formation of Al-N or Si-N bonds

as ammonia gas was decomposed to react with Al and Si in

the heat treatment process.20)

4. Conclusions

Si(Al)ON precursor has been synthesized with AlN pre-

cursor and PPCS as the starting materials. The precursor

was prepared while forming Si-N bond, and it showed a

ceramic yield of 51% through pyrolysis in the range of 200 -

600oC. In addition, coating films of about 150 - 200 nm in

thickness having a dense structure and an excellent adhe-

sion to the substrate could be obtained by spin-coating

method. Although the phenomenon of oxidation occurring

with an elapse of time was observed due to vulnerability in

oxidation stability in the case of Si(Al)ON precursor pre-

pared in the present study, films with low oxygen contents

could be obtained by heat treatment. While the contents of

nitrogen were also lowered in the pyrolysis processes,

Si(Al)ON films containing an excessive amount of carbon

were formed by newly forming Al-N and Si-N bonds simul-

taneously with pyrolysis under an ammonia atmosphere.

Fig. 6. (a) Al 2p and (b) N 1s XPS scan of SiAlON films
which was derived from the precursors.
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