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Abstract 

This paper describes the synthesis of monocrystalline 
cx-silicon nitride$laments. The synthesis is based on 
a catalysed chemical vapour deposition process using 
iron or iron alloys as catalysts and silicon sub- 
hydrides and ammonia as gaseous precursors of silicon 
nitride. For in situ production of silicon subhydrides 
by gastjication of silicon powder with hydrogen 
super-cially nitrided silicon powder was used to 
guarantee constant production rates up to 10 h and 
more. The kinetics offilament growth are shown to 
be determined by the solubility of nitrogen in and the 
d@usion of nitrogen through the catalyst particle. 

1 Introduction 

Advanced monolithic ceramics for application as 
structural materials at very high temperatures still 
exhibit decisive disadvantages, i.e. high-tempera- 
ture creep and low damage tolerance. Reinforce- 
ment fibres for the synthesis of ceramic matrix 
composites, which are more promising for such 
applications, are of limited usefulness. (i) Carbon 
fibres are stable at very high temperature, but 
readily undergo oxidation above 500°C. There- 
fore, the problem is shifted to complex oxidation 
protection systems. (ii) Ceramic fibres based on 
silicon carbide, alumina or mullite have limited 
high-temperature stability for various reasons, i.e. 
recrystallization and reactions between the phases 
of the non-stoichiometric fibre materials. (iii) 
Whiskers are monocrystalline and thus stable, but 
problems arise from their geometry,‘,2 

For future development, the production of high- 
temperature stable ceramic fibres via the polymer 
route seems to be the most attractive one, but much 
work still remains to be done. As an alternative 
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and less complex route, the synthesis of monocrys- 
talline silicon nitride filaments was investigated.3-5 
The design considerations for such a synthesis 
lead to a catalysed chemical vapour deposition 
process. Such a process is based on adsorption 
and dissociation of volatile compounds at the cat- 
alyst surface, dissolution of the elements forming 
the desired compound, and precipitation of this 
compound. 

As nitrogen sources molecular nitrogen and 
ammonia were selected, but filaments were only 
obtained when ammonia was used. 

For environmental reasons, chlorosilanes were 
never considered as silicon source. Instead, monosi- 
lane, SiH,, and silicon subhydrides, SiH, (x = 1, 2), 
were investigated. The use of monosilane was stud- 
ied intensively, but all attempts failed because 
monosilane was decomposed before entering the 
reaction zone. Therefore, a synthesis for the produc- 
tion of silicon subhydrides had to be developed. 

In selecting the catalyst material the following 
criteria were assumed to be decisive: solubility 
of silicon and nitrogen, but no formation of a 
stable nitride. Iron seemed and proved to fulfil 
these requirements. As nitrogen solubility in iron 
at temperatures above 1000°C is extremely low, 
iron alloys of solubility enhancing elements were 
investigated. 

A suitable substrate material for the catalyst 
particles should neither be attacked by the gas 
phase nor wetted by the catalyst particles. Alumina 
ceramic was tested and found to be applicable. As 
an insulator, it cannot form selective electron- 
electron interactions with a metal and then favour 
wetting. Non-wetting of the substrate by the catalyst 
is an indispensable necessity for filament growth, 
which only occurs if the catalyst particle is located 
at the tip of the growing filament. 

Including the necessary in situ production of 
silicon subhydrides SiH, by reaction of silicon 
powder with hydrogen the total process of fila- 
ment growth can be described by eqns (1) and (2): 
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Si + “I1 H, + SiH, (1) 

3 SiH, + 4 NH, + S&N, + (6 + 3/2~)H, (2) 

Experimental details were described earlier.5 
Experimental studies were performed at 1300 and 
1350°C using various flow rates of N,/NH3 and 
SiH.JH, mixtures. Besides iron, iron-chromium 
and iron-manganese alloys were studied as cata- 
lysts. The filaments were analysed using scanning 
electron microscopy, electron probe micro-analysis, 
X-ray diffraction, infra-red spectroscopy, and 
transmission electron microscopy. The tensile 
strength of the filaments was measured at a gauge 
length between 6 and 10 mm. 

2 Thermodynamics 

Figures l(a) and (b) show the Gibbs’ free reaction 
enthalpy of SiH4 and SiH formation from silicon 
and hydrogen, and Si,N, formation from SiH and 
nitrogen or ammonia, respectively. With increas- 
ing temperature the stability of SiH4 decreases 
whereas that of SiH increases. At a desired reac- 
tion temperature of about 13OO”C, the stability of 
both compounds is similar. According to the AG" 
values a gasification of silicon with hydrogen 
should lead to both SiH4 and SiH; thermodynamic 
data for further subhydrides are not available. 
Experimentally, only silicon subhydrides SiH, were 
found; they were decomposed forming a silicon 
mirror at the colder end of the reactor. Surpris- 
ingly, the SiH, partial pressure obtained by hydro- 

(a) 

Fig. 1. Gibbs’ free enthalpy of the formation of (a) silicon 
hydrides and (b) silicon nitride. 

gasification of silicon at 1300°C is up to three 
orders of magnitude higher than that calculated 
from the thermodynamic data (0.19 mbar versus 
1.36 X lOA mbar). 

Figure l(b) shows that silicon nitride formation 
should be possible with both nitrogen and ammonia. 
Two effects can account for the negative results 
with nitrogen. (i) The low adsorption probability 
of nitrogen as compared with ammonia at an iron 
surface, which is some orders of magnitude 
lower.’ (ii) The high difference of bond dissocia- 
tion energies of N2 and NH,: N-N, 945 kJ mol-‘; 
H-NH,, 431 kJ mol-‘; H-N, 310 kJ mol-‘; H-NH, 
unknown). 

In the presence of a catalyst such as iron, the 
single steps of the catalysed reaction (eqn (2)) are 
as follows: 

(1) 

(2) 

(3) 

dissociative adsorption of SiH, at the catalyst 
surface and formation of an iron-silicon alloy, 
Fe+,; 
dissociative adsorption of NH, or, as dis- 
cussed above, fragments of NH, at the catalyst 
surface and diffusion of the nitrogen atoms 
through the catalyst particle; 
precipitation of Si,N, from the catalyst particle. 

To facilitate the discussion of step (1) the iron- 
silicon phase diagram is presented in Fig. 2.* At 
the reaction temperature of 13OO”C, dissolution of 
silicon in iron yields a solid alloy up to 22 at% 
silicon. With still higher silicon contents, up to 
about 37 at%, a melt is formed. This holds for a 
bulk material. With very small catalyst particles 
the solidification line may be shifted to lower sili- 
con concentrations. Above 37 at%, silicon dissolu- 
tion by dissociation of SiH, is only possible if free 
silicon is precipitated simultaneously. The driving 
force of silicon precipitation is given by the 
following reactions (eqns (3)-(5)): 
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Fig. 2. The iron-silicon phase diagram.’ 
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Fig. 3. Solubility of nitrogen in pure iron.* 

Fe,Si,. + SiH + Fe,Si,+, + ‘/2 I-I, 

Fe.&+ l + Fe,Si, + Si 

SiH + Si + ‘/* H2 

(3) 

(4) 

(5) 

The reaction according to eqn (5) is strongly 
exothermic. The Gibbs’ free enthalpy at 1300°C 
amounts to -230 kJ mall’. 

Experimental results on filament formation 
showed that the filaments are not hollow, but 
massive. For this reason, volume diffusion of 
nitrogen atoms through the catalyst particle is 
assumed. Solubility data of nitrogen in pure iron 
are shown in Fig. 3. 9 At 1300°C the solubility of 
nitrogen in y-iron is very low. In the presence of 
silicon the nitrogen solubility decreases even more. 
The thermodynamic considerations suggest that 
the growth rate of Si,N, filaments is kinetically 
limited by the low nitrogen solubility in the possible 
ferro-silicon alloys. Several elements are known to 
increase nitrogen solubility:9 Ti > V > Cr > Mn. 

However, an alloying element has to be selected 
not only from the viewpoint of nitrogen solubility, 
but also from the viewpoint of nitrogen diffusion. 
Both properties depend on the lattice being 
formed. 

3 Synthesis of Silicon Subhydrides 

As was pointed out in Section 1, all experiments 
of filament deposition with monosilane, SiH,, 
were unsuccessful. Hence, the synthesis of silicon 
subhydrides, SiH, is of essential importance. Initial 
experiments to gasify silicon with hydrogen at 
sufficiently high temperatures of about 1300°C did 
not produce acceptable results due to sintering of 
the silicon particles; the reaction rate approached 
zero after approximately 1 h reaction time. On the 
other hand, a constant gasification rate for at least 
10 h was desired. The problem of sintering was 
solved by partially nitriding the silicon powder 
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Fig. 4. Conversion of superficially nitrided silicon powder I to 
silicon subhydrides after 5 h reaction with hydrogen at 
1300°C as a function of the nitridation time of the powder at 

1150°C (m) and 1200°C (a). 

before gasifying it with hydrogen. In view of the 
importance of this process, detailed results will be 
described in the following. They were found with 
a high-purity silicon powder I (99,9%, particle size 
40-100 pm). 

A fundamental result is presented in Fig. 4. It 
shows the conversion of superficially nitrided sili- 
con powder after 5 h reaction time with hydrogen 
at 1300°C as a function of the nitridation time of 
the powder. At both nitridation temperatures 
investigated (1150 and 1200°C) silicon conversion 
to SiH, increases up to a maximum and then 
decreases again. The maximum apparently corre- 
sponds to an optimum fit of sintering inhibition 
and diffusion of hydrogen and silicon subhydrides 
through the silicon nitride layer. The maximum 
conversion found after nitridation at 1150°C is 
higher. At 1200°C enhanced sintering of the pow- 
der during nitridation was observed. 

The results shown in Fig. 4 are based on a pow- 
der which was nitrided with a nitrogen/hydrogen 
mixture of 90: 10. As shown in Fig. 5, this gas 
composition used for nitridation is obviously 

Fig. 5. Conversion of silicon powder I to silicon subhydride 
at 1150°C using various nitrogen/hydrogen mixtures (El, 
9O:lO; 0, 80:20; +, 95:5) as a function of the reaction time; 

volume flow: 3.5 I h ’ (ntp). 
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Fig. 6. Conversion of superficially nitrided silicon powder I to 
silicon subhydrides at 1300°C using various hydrogen flows: 

0, 8.7 1 h-‘; A, 5 1 h-i. 

optimum; with higher or lower hydrogen contents 
the nitridation rate is lower for various reasons. 
With the lower hydrogen partial pressure, reduction 
of the silica surface layer may not be sufficient, 
whereas partial gasification with hydrogen may occur 
when a higher hydrogen partial pressure is used. 

The nitrided powders were tested for continu- 
ous SiH, production. The results are shown in 
Fig. 6. After an initial stronger increase of the 
gasification rate it remains constant over the 
entire time interval studied. The results shown in 
Figs 46 are fully reproducible, but are strongly 
dependent on the silicon powder used. 

Further studies on nitridation were performed 
using another high-purity silicon powder II and 
ammonia for nitridation. The reason was that, 
during nitridation with the nitrogen/hydrogen 
mixture, partial sintering occurred even at 1150°C. 
Figure 7 shows the degree of conversion of silicon 
to silicon nitride as a function of the reaction time 
at temperatures of 1000, 1100 and 1150°C. Two 
further curves are presented. The dotted line was 
found at 1150°C with the N2/H2 mixture (9O:lO). 

It can be seen that the same nitridation rate was 
obtained with ammonia already at 1100°C. Even 
more remarkable is the experimental observation 
that the silicon powder never sintered when ammonia 
was used for nitridation. 

The above results with ammonia were obtained 
with an ammonia flow of 1 1 h-’ (ntp). A further 
experiment using an ammonia flow of 6 1 h-’ 
yielded a lower nitridation rate (Fig. 7, dashed 
line). This result indicates that the overall rate of 
silicon nitridation is limited by dissociation of the 
ammonia. If a lower flow is used, partial decom- 
position of ammonia by formation of NH2 or NH 
may already occur in the gas phase. This conclu- 
sion is confirmed by the linear relationship between 
silicon conversion to silicon nitride and reaction 
time. Normally, a decrease in silicon conversion 
with increasing reaction time or increasing silicon 
nitride layer thickness would be expected. The lin- 
ear relationship means that the rate of nitridation 
is proportional to the amount of nitrogen atoms 
formed per unit time. 

In subsequent experiments it was investigated 
whether the agent used for nitridation of a silicon 
powder has any effect on the gasification with 
hydrogen. Samples of silicon powder II of nearly 
equal degree of nitridation (NH3, 1 lOO”C, 5 h; 
N,/H,, 115O”C, 5 h) were used for these experi- 
ments. The results at 1300°C are shown in Fig. 8. 
The rates are constant after 1 h reaction time and 
the steady-state gasification rates of both powders 
are also equal. The result indicates that not the 
nitridation agent, but the degree of nitridation is 
the decisive quantity for the gasification with 
hydrogen. At 1150°C results on the nitridation 
rate of both silicon powders with the N,/H, mix- 
ture (9O:lO) are available (Figs 5 and 7). They 
show that silicon powder II is less reactive. In 
view of this result it is remarkable that silicon 
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Fig. 7. Conversion of silicon powder II to silicon nitride at 
various temperatures and various nitriding atmospheres as a 
function of the reaction time: lOOO”C, 1 1 h-’ NH,; (0); 
llOO”C, 1 1 h-’ NH, (0); 115OT, 1 1 h-i NH, (It); 1150°C, 

6 1 h-’ NH3 (+); 115O”C, 3.5 1 h-’ N2/H2, 9O:lO (A). 

Fig. 8. Conversion of two superficially nitrided silicon pow- 
ders II with an equal degree of nitridation to silicon subhy- 
drides at 1300°C as a function of the reaction time, hydrogen 
flow 12 1 h-i (ntp): 1 100°C, 5 h, 1 1 h-’ NH3 (0); 115O”C, 5 h, 

3.5 1 1 h-’ N,/H, (k). 
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powder II shows a higher gasification rate with 
hydrogen than powder I. The results underline 
that the process of SiH, synthesis using superfi- 
cially nitrided silicon powder still exhibits substan- 
tial potential for development. It may be assumed 
that iron should be a catalyst of both nitridation 
and hydrogen gasification. For this reason, further 
studies will focus on using ferro-silicon alloys with 
silicon contents of > 90%. 

4 Synthesis of Filaments 

4.1 Kinetics of filament growth 
Fundamental studies of filament growth were per- 
formed at 1300°C using iron as catalyst. The diam- 
eter of the iron particles was between 3 and 5 pm. 
The intrinsic problem of the synthesis lies in the 
volume flows and partial pressure of SiH, and 
NH,. According to the in situ synthesis of SiH,, 
this agent is introduced into the reaction zone of 
the reactor as a constituent of the hydrogen flow. 
The partial pressure of SiH, can be varied by 
using different hydrogen flows. According to 
thermodynamic calculations it may not exceed 
1.36 X lo4 mbar. Experimentally partial pressures 
of up to 0.19 mbar were found. NH, is introduced 
into the reaction zone of the reactor using N2 as 
carrier and diluent gas. N, was found to be inac- 
tive in the formation of silicon nitride filaments. 

Using optimum compositions of the gas phase, 
filaments with excellent crystalline perfection were 
obtained not only at 1300°C as used in the funda- 
mental studies, but also at 1350°C. Results on fila- 
ment deposition with iron as a catalyst are shown 
in Fig. 9, the effect of some alloying elements of 
iron is presented in Fig. 10. 

In both diagrams, the weight of the filaments 
deposited as a function of the deposition time is 
plotted. The weight instead of the length of the 

Fig. 9. Deposition kinetics of silicon nitride filaments with Fe, 
as catalyst. Gas composition: 12 1 h-’ HZ, 0.3 1 h-’ N,, 0.3 1 h-’ 

NH,; 1350°C (+) and 1300°C (m). 

t.h 

Fig. 10. Deposition kinetics of silicon nitride filaments at 
1300°C with Fe (a), FeCr 70 (*) and FeMn 80 (B) as cata- 
lysts; gas composition: 0.3 1 h-’ NZ, 0.3 1 h-’ NH,, 12 1 h ’ Hz. 

filaments is used, because the length of the fila- 
ments is not uniform and difficult to determine 
accurately. Under steady-state conditions, i.e. 
after the incubation period, the growth rate of the 
filaments is of the order of 1 cm h-l. 

The flow rates and partial pressures were opti- 
mised towards deposition of filaments with high 
crystalline perfection. The effect of temperature in 
filament deposition with iron is strong; the activa- 
tion energy calculated from the two temperatures 
investigated amounts to 375 kJ mall’. 

As follows from Fig. 10, the effect of chromium 
and manganese as alloying elements of iron on the 
growth rate of the filaments is different and quite 
surprising. Both transition metals are known to 
strongly increase the nitrogen solubility of iron.’ 
Therefore it was astonishing that the deposition 
rate with ferro-manganese was lower than that 
with pure iron. Obviously, the solubility of nitro- 
gen is not the only parameter controlling the 
growth rate of the filaments. The slowed growth 
rate with the ferro-manganese alloy is probably 
caused by a reduced diffusion rate of nitrogen. 
Further studies and theoretical calculations are 
necessary to clarify this point. A discussion based 
on the lattice formed by the catalyst is problem- 
atic because catalyst particles are not necessarily 
operating in a truly solid state. 

4.2 Analysis of filaments 
The morphologies of the filaments and especially 
of the filament heads were studied by scanning 
electron microscopy (SEM). Typical examples are 
shown in Figs 1 l(a) and (b). Figure 1 l(a) depicts 
an perfectly spherical filament head whereas a 
polyhedral filament head can be seen in Fig. 1 l(b). 
The shape of the filament heads is related to the 
silicon content, which was analysed by electron 
probe micro-analysis (EPMA). A catalyst with a 
spherical shape is obviously operating in a highly 
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Fig. 11. Scanning electron micrographs of silicon nitride fila- 
ments obtained at 1300°C. Gas composition: 0.3 1 h-’ N,, 

0.3 I he’ NH,, and 12 I h-’ H, (a) and 8 1 h-’ H, (b). 

viscous state corresponding to a low silicon con- 
tent of approximately 6%. On the other hand, the 
polyhedrally shaped catalyst particle should be 
formed during resolidification from a true liquid. 
EPMA of this catalyst particle showed a silicon 
content of nearly 20%. According to the iron- 
silicon phase diagram, this catalyst particle was 
definitely operating in the liquid state. 

Filaments with high crystalline perfection are 
only obtained if the silicon content of the catalyst 
particle is limited. Beyond a certain silicon content 
not only silicon nitride but also free silicon are 
precipitated simultaneously from the catalyst dur- 
ing growth of the filaments. Such reaction condi- 
tions are undesired. 

Figures 12(a)-(e) show some Fourier transform 
infra-red (FT-IR) spectra. The lowest one was 
found with crystalline a-silicon nitride powder; it is 
used as a standard. From Figs 12(a)-(d) the 
partial pressure of silicon subhydrides in the gas 
phase during deposition was reduced. The FT-IR 
spectrum of a crystalline a-silicon nitride filament 
is shown in Fig. 12(d). With increasing partial 
pressure of the silicon subhydrides, equivalent to 
an increasing silicon content of the catalyst particles, 
the absorption bands become broader and even 
disappear. 

It should be noted that the spectrum of the 
crystalline a-silicon nitride powder (Fig. 12(e)) is 
not completely identical to the spectrum of the 
filament with high crystalline perfection (Fig. 
12(d)). Two absorption bands at 941 cm-’ and 957 
cm-’ cannot be observed. Texture effects may ac- 
count for this. A similar FT-IR spectrum as 
shown in Fig. 12(d) was published in the literature 
for a-silicon nitride whiskers.” 

Figure 13 shows an X-ray diffraction (XRD) 
pattern of filaments with high crystalline perfec- 
tion. All typical reflections of cu-silicon nitride can 
be found, but not further peaks. 

From the above results it cannot yet be con- 
cluded whether the filaments are polycrystalline 
or monocrystalline. To obtain an answer to 
this question the tensile strength and modulus 
of crystalline filaments were determined. For 
the strength, a mean value of 30 f 2 GPa was 
found. The Young’s modulus could only be deter- 
mined indirectly. Therefore, the determined value 
of 660 GPa should be viewed only as a rough 
estimate. From the data, a strain-to- failure of 
4.6% was calculated. For a brittle material a value 
of 10% is theoretically postulated. In relation to 
this value, a strain-to-failure of about 5% is a 
good indication of a very low concentration of 
growth defects. 

For further analysis of the crystalline perfection 
of the filaments (compare Figs 12(d) and 13) pre- 
liminary transmission electron microscopy (TEM) 
investigations were performed. To (1) avoid dete- 
rioration or alteration of the filament surface 
structure and (2) investigate a rather large area 
of the fibres, the filaments were placed on a 
carbon grid and the typically utilized argon-ion 
thinning technique to achieve electron trans- 
parency was omitted. Moreover, to minimize 
electrostatic charging under the electron beam, 
another carbon grid was placed on top of the 
TEM sample. Hence, bright-field images in addi- 
tion to electron diffraction patterns were obtained 
from the filaments. It should be noted that under 
these conditions, since the silicon nitride filaments 
are relatively thick (up to 1.2 pm in diameter), 
diffuse scattering is strongly enhanced mainly in 
the core region of the filaments. Therefore, the 
crystalline perfection of those filaments can only 
be analysed in the surface regions rather than 
in the core region, which would require TEM 
cross-section preparation. However, the applied 
technique allowed us to show unequivocally that 
the filaments investigated are monocrystalline 
(single crystals), as depicted in Fig. 14(a). 

Using convergent beam electron diffraction 
(CBED) on one filament showed no change in the 
corresponding electron diffraction pattern over the 
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Fig. 12. FT-IR spectra of silicon nitride filaments obtained at 1300°C. Gas composition: 0.3 I h-’ N,, 0.3 1 h-’ NH,, and 5 1 h I H2 
(a), 8 1 h-’ I-I, (b), 10 1 h-’ H, (c) and 12 1 h-’ H2 (d). (e) Crystalline a-Si3N4 powder for reference. 
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Fig. 13. X-ray diffraction pattern of silicon nitride filaments obtained at 1300°C. Gas composition: 0.3 1 h-’ N,, 0.3 1 h-’ NH, and 
12 1 h-l H,. 

entire length of the filament, with the only exception 
of small tilts due to bending of the fibres during 
TEM-sample preparation. 

Apart from being single crystals, which applies 
to all filaments investigated, the filament surface is 
very smooth. No growth defects were observed. In 
some rare occasions small silicon nitride particles 
were found attached to the surface of the fila- 
ments, but they clearly do not appear as growth 
defects (see Fig. 14(b)). 

Analysing electron diffraction patterns, in addi- 
tion to CBED, first order lower zone (FOLZ) ring 
analysis indicated cw-S&N, as the only crystalline 
phase, which is consistent with the XRD results. 
Attempts to analyse the growth direction of the 
filaments failed since two low-indexed zone axes 
are required, which was out of the limited tilting 
range of the microscope (Philips CM20FEG oper- 
ating at 200 kV, tilt range & 15’). TEM cross- 
section preparation would allow determination of 
the growth direction of the filaments; such work is 
under way. 

It should be noted that all filaments typically 
show a thin surface film, which is thought to be 
amorphous. The presence of such a thin surface 
layer could be due to surface oxidation during 
processing even at very low oxygen partial pres- 
sure. The FT-IR spectra shown in Figs 12(a)-(d) 
reveal oxygen-backbone vibrations at wavenum- 
bers around 1050 cm-‘, which may be related to 
the presence of the observed thin surface coatings 
of the filaments. 

Fig. 14. Transmission electron micrographs of silicon nitride 
filaments obtained at 13OO“C. Gas composition: 0.3 1 h-’ Nz, 
0.3 1 h-’ NH, and 12 1 h-’ H,. (a) Single filament, (b) filament 
with attached silicon nitride particle; with converging beam 

electron diffraction pattern (inset). 
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5 Summary 

Monocrystalline a-silicon nitride filaments have 
been synthesized by catalysed chemical vapour 
deposition using iron and iron alloys as catalysts 
and silicon subhydrides and ammonia as pre- 
cursor gases for silicon nitride. Monosilane was 
found to be decomposed before entering the 
reaction zone; therefore, a synthesis for the pro- 
duction of silicon subhydrides by in situ gasifica- 
tion of a superficially nitrided silicon powder was 
developed. 

The development potential of the overall 
synthesis may mainly be seen in optimizing the 
catalyst composition. Increasing the reaction tem- 
perature from 1300°C to higher temperatures is 
critical because non-catalysed gas-phase reactions 
are difficult to control. As compared with pure 
iron as catalyst, an optimized catalyst should 
exhibit a higher nitrogen solubility and favour the 
diffusion of nitrogen atoms. To design such an 
optimized catalyst, thermodynamic calculations 
will be carried out. 
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