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Abstract 

This puper describes the crystallisation behaviour of 
poljxilane-derived amorphous silicon carbide. The 
polj’type jbrmution and the transformation from 
@Sic into hesagonal cr-polytypes have been more 

spec@ully investigated by X-ray difSraction 
(XRD), trunsmission electron microscopy (TEM), 
“Si Solid State Magic Angle Spinning Nuclear 
Magnetic Resonance (“Si MAS-NMR) and 
Rumun spectroscopy. The crystallisation of P-Sic 
starts uround 1200°C. The direrent polytypes like 
3C, ZH, 4H, 6H and /_5R have been identiJied by the 
vurious investigation techniques at temperatures higher 
thun 1400°C. Crystallisation occurs with a high 

density of stacking jizults that cover large areas in 
the crystullites us found by TEM observation. They 
promote the .formation qf temporary existing 
a-pol)qpes which are$naIly reconverted into P-Sic 
u.s,fbund by X-ruy and electron d@action. 0 1997 
Elsevier Science Limited. All rights reserved. 

Introduction 

The polymeric route to silicon carbide manufac- 
turing has been largely investigated during the last 
20 years since the pioneering work of Yajima in 
1975.’ The fabrication of silicon carbide or silicon 
nitride fibres has received special attention.lm3 
However, despite the large number of studies on 
the conversion of polysilanes and polycarbosilanes 
into silicon carbide, there are still unresolved 
problems concerning the crystallisation of these 
materials.“.5 

Crystallisation may degrade the mechanical 
properties of silicon carbide fibres by altering the 
original smooth surface as grains are developed; 
this process can eventually destroy the fibre-like 

morphology. Some research work was thus devel- 
oped to try to inhibit the crystallisation process 
and to shift it to higher temperatures”’ by incor- 
poration of additional elements such as boron or 
nitrogen in the starting polymeric precursor. But 
this would be a very costly process in the case of 
boron or would affect the thermal stability of the 
ceramic material in the case of nitrogen. In the 
Yajima process, oxygen was originally used to 
crosslink the polycarbosilane fibres,’ and its pres- 
ence had a dramatic effect on the thermal stability 
of the derived fibres, even worse than the introduc- 
tion of nitrogen, especially when excess carbon was 
present, which is quite common in a large number 
of polycarbosilane-derived silicon carbides.‘,” 

Another way to raise the application tempera- 
ture is to control the crystallisation of the material 
produced. For this the crystallite size should be as 
small as possible, e.g. no more than a few nano- 
meters. But in the case of silicon carbide, not just 
one single phase usually crystallises. Due to the 
existence of many polytypes, the crystallisation 
leads to the formation of different SIC phases. At 
lower temperatures around 1200°C the 3C polytype 
(cubic) crystallises preferentially. Transformation 
of this polytype into c-w-types may occur at temper- 
atures around 2OOO”C, but the formation of the 
cY-polytypes (hexagonal or rhombohedral) depends 
on thermodynamic conditions. Either these poly- 
types crystallise directly from the amorphous 
phase during the silicon carbide formation or they 
form out of the crystalline p-silicon carbide phase. 
The temperature range between 1500 and 2200°C 
is the typical temperature range for the formation 
of these a-polytypes. The most commonly observed 
ones are the 6H, 4H and 15R types. But the differ- 
ences in enthalpy of the various silicon carbide 
polytypes are not really significant and simultaneous 
formation of a variety of polytypes usually occurs. 
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The purpose of this paper is to investigate the 
crystallisation behaviour of a polymer-derived 
amorphous silicon carbide material by XRD, 
TEM, ‘9Si MAS-NMR and Raman spectroscopy. 
Knowledge about the crystallisation could help to 
control the high-temperature alteration of the 
material in order to improve the fibre properties. 

The starting polymeric precursor is a chlorine- 
containing polysilane derived from a disilane frac- 
tion of Mtiller-Rochow synthesis. The synthesis 
of the polymer was performed by a catalytic redis- 
tribution that has already been described in the 
literature.“*12 The composition of such polymers 
may vary in a certain range (especially the chlo- 
rine content). For the manufacture of silicon car- 
bide, a C/Si molar ratio close to 1 is expected after 
pyrolysis. For this reason, polymers with typical 
composition SiCi 5 H3.6 Cl,,, have been used. The 
29Si NMR spectra show the presence of silane sites 
containing Si-Cl bonds such as terminal MeCl,Si- 
or linear MeClSi< groups as well as tertiary silane 
sites, MeSi(Si),. The polysilane network is highly 
crosslinked, and forms a polycyclic structure. A 
detailed description of such polymers is given 
in Ref. 11. 

After pyrolysis at 800°C an amorphous SIC 
structure is obtained. Its composition depends on 
the starting polymer, but contains typically 59 
wt% Si, 35 wt% C, 2 wt% H and 4 wt% Cl and 
some oxygen (< 1 wt%). Some detailed investiga- 
tions concerning the state of the carbon (amor- 
phous, glassy graphitic or silicon-bonded) of these 
pyrolysis products were already published.13 29Si 
NMR spectra show a broad peak around -12 ppm 
characteristic of an amorphous SIC structure 
based on Sic, sites. The XRD pattern is quite 
consistent with an amorphous structure. 

Experimental 

As mentioned in the introduction the synthesis of 
the polymer has already been reported.” The 
main idea is a catalytic redistribution of disilanes 
to form oligomers and subsequently polysilanes. 

The pyrolysis was performed at 10 K min-I 
under argon flow of 5 litres h-’ in an alumina tube 
furnace or carbon heated high temperature furnace 
(for T >15OO”C). The maximum temperatures 
ranged from 1000°C to 1800°C with dwell times 
from a few minutes to 12 h. 

XRD measurements were performed with 
TURM-62-HZG 4 (Carl Zeiss Jena) equipment 
using the Co K, radiation. The 2 0 range was 25 to 
60” and the step width was 0.1” each in 30 s. 

Raman spectra were recorded with a GDM 
1000 L apparatus equipped with an Ar’ ion laser 

(514.5 nm line). The power was limited to 30 mW 
to avoid any alteration of the samples. The area 
of the laser beam was focused on a diameter of 
100 pm so that a characteristic volume of the 
sample was investigated. 

TEM investigations were performed with a 
1OOCX III JEOL equipment. Observations were 
performed on powders placed on a copper grid. A 
gold standard was used for calibration of the elec- 
tron diffraction measurements. 

“Si MAS-NMR spectra were recorded on a 
Bruker MSL 400 spectrometer (79.5 MHz). The 
spinning rate was 5 kHz. The pulsewidth was 2 pus 
(0 = 30”) and the recycle delay 60 s. Sixty transients 
were accumulated and 20 Hz linebroadening was 
applied before Fourier Transformation. The spec- 
tra were simulated with the WINFIT program.14 

Results 

X-ray diffraction 
The X-ray diffraction patterns of samples between 
1200 and 1800°C are shown in Fig. 1. Samples 
treated at temperatures lower than 1200°C show 
almost no X-ray peaks and can be considered as 
completely X-ray amorphous. The crystallisation 
is rather poor up to 1400°C. The broad X-ray 
peak centred around 20 = 41.7” should be 
attributed to the most intense peak of P-Sic 
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Fig. 1. X-ray diffraction patterns of pyrolysed polysilanes 
versus pyrolysis temperature. 



corresponding to cl = 2.5 1 A ( 111). This peak is 
also found in the a-polytypes (4H (004) 6H (102, 
006) 15R (0.0.15)) but in this case other peaks 
should also be detected around 20 = 39” (ti = 2.65 
A) and 45” (cl = 2.35 A) for 4H, 6H and 15R 
species. 

Due to the broadness of the diffraction peaks 
the (200) peak that is characteristic of the 3C 
polytype and which should be present in the con- 
sidered 20 range (e.g. 20 = 48.6”, d = 2.18 A), 
but with a lower intensity than the (11 I) peak 
(20%), was not detected. Crystallite growth 
directly related to the peak linewidth, is not 
significant at temperatures below 15OO”C, even 
after long dwell times, but occurs significantly at 
1500°C. Above this temperature, the X-ray peaks 
sharpen with increasing treatment temperatures 
and dwell time. 

Crystallite growth is not the only phenomenon 
to occur. Additional changes in the polytype 
natures are observed. New peaks are present in 
the patterns of samples heat treated at T > 
1500°C. These additional peaks at about 39 and 
45” (d = 2.65 and 2.35 8, respectively) are 
assigned to a-polytypes as already mentioned. A 
significant amount of such polytypes is formed in 
the sample heat treated at 1700°C. However 
an exact identification of the different polytypes is 
rather uncertain based only on the X-ray patterns. 
Surprisingly, this change from p- into CY- silicon 
carbide seems to be completely suppressed when a 
temperature of 1800°C is reached, where only the 
(111) and the (200) peaks of P-Sic are detectable. 

Figure 2 shows the evolution of the crystallite 
size calculated from Scherrer formula (dwell time 
15 min) versus temperature. The (111) peak, 
which is first observed in the sample treated 
at 1200°C, gives a mean crystallite size around 1.5 
nm. This value does not change very drastically 
up to 1400°C (2 nm). At 1500°C a mean crystallite 
size of 3 nm is reached which increases to 4 nm at 

crystallite size / nm 
20 

15 
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5 
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Fig. 2. Crystallite size of polysilane-derived silicon carbide 
versus temperature, calculated from peak width, dwell time 

15 min at the quoted temperatures. 

1600°C and 4.5 nm at 1700°C. A very drastic 
growth is then observed since a mean crystallite 
size of 19 nm is estimated at 1800°C. The temper- 
ature range between 1700 and 1800°C is obviously 
the range where the activation energy for crystalli- 
sation exceeds the level for growth and the former 
crystallite faults which prevent the crystallite 
growth can be cured by rearrangement of the 
atoms in the crystallite structure. 

Raman spectroscopy 
The Raman spectra of the 1700 and 1800°C 
samples are shown in Fig. 3. The 3C polytype is 
characterised by a LO band at 793 cm-’ and a TO 
band at 970 cm-‘,‘5 while the 6H polytype should 
present bands at 791 and 765 cm11.‘5 The spec- 
trum of the 1700°C sample shows unambiguously 
the presence of the 3C and 6H polytypes while the 
spectrum of the 1800°C sample only gives evi- 
dence for the presence of pure 3C polytype with a 
unique band at 793 cm-‘. However the LO band 
of the 3C polytype expected at 970 cm-’ is no 
longer seen in the spectrum of the 1800°C sample. 
The reasons for that could be either very small 
crystallite sizes or coupling of the LO phonons 
with charged particles in the material. The TO 
phonons are not influenced by such effects. The 
first reason can be ruled out because the 1800°C 
sample presents much larger crystallite size than 
the 1700°C sample. But, the second one can 
be possible, considering the results of first electri- 
cal measurements that were performed on these 
materials. 

TEM investigations 
Samples heat treated at 1400, 1600 and 1800°C 
for respectively 15 min, 1 h and 15 min were 
investigated by TEM. 

Figure 4 shows an image of the 1400°C sample 
and the related diffraction pattern. This sample 
is characterised by a nanocrystalline structure wil tk 1 

900 800 700 
Raman shift (cm-l) 

Fig. 3. Raman spectra of the 1700 and 1800°C samples, dwell 
time 1.5 min. 
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Fig. 4. TEM image and electron diffraction pattern (4(a)) of 
the 1400°C sample. 

large areas of amorphous regions. The grain size, 
that can be estimated from the micrograph, is in 
the 2-5 nm range. Table 1 gives a comparison 
between the crystallite size values extracted from 
the X-ray and the grain size from the TEM mea- 
surements. They are in good agreement for this 
sample. The electron diffraction pattern shows that 
a long-range order already exists. The electron beam 
has diffracted on a large number of small crystal- 
lites, so that only rather diffuse diffraction rings 
are present, but they correspond only to @Sic. 

Figure 5 shows a typical TEM image of the 
1600°C sample. A significant grain growth is 
observed compared to the 1400°C sample 
that should correspond with the crystallite size. 
This suggestion is evidenced by the more defined 

Table 1. Comparison of crystallite and grain dimensions 
derived from X-ray diffraction and TEM observation 

Sample X-ray dimension 
crystallite size (nm) 

TEM dimension 
grain size (nm) 

14OO”C, 1 h 2 3 
16OO”C, 1 h 4 45 
1800°C. 1 h 19 119 

1600°C 

(4 

Fig. 5. TEM image and electron diffraction pattern (5(a)) of 
the 1600°C sample. 

electron diffraction pattern. The grains reach a 
size of about 50 nm (Table 1) but the crystallites 
do not enlarge their size in the same order (X-ray 
results). Probably the grains consist of a number 
of crystallites after this temperature. Moreover 
one can observe fringe systems which are charac- 
teristic for stacking faults or twins in the photo- 
graph as well as reflection splitting in the 
diffraction pattern. The polytypes detected by the 
electron diffraction patterns are P-Sic as well as 
a-Sic. Obviously, the stacking faults already 
nucleate also a-crystallites at these temperatures. 
The observed structure of the electron diffraction 
patterns additionally shows that a great number 
of crystal defects exist in the material. One finds 
well-defined points in the electron diffraction pat- 
tern. Some of these points are attributed to a-Sic 
as for d = 2.31 and 2.58 A. This is in agreement 
with the X-ray results. But the electron diffraction 
pattern shows single streaked reflections which are 
obviously caused by planar defects. 

The 1800°C sample shows larger crystals and 
sharper diffraction patterns (Fig. 6). But the crys- 
tal faults still exist which are detected by the 
micrograph as well as by the diffraction pattern. 
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Fig. 6. TEM image and electron diffraction pattern (6(a)) of 
the 1800°C sample. 

The basic structure of the material is the 3C 
polytype as was found by other methods. Some 
angle shifted diffraction points are detected which 
obviously contributed to the discussed a-polytypes 
(marked with an arrow). The reflections of the cubic 
phase form streaks which are caused by twinning 
or stacking faults. But only few points are in the 
pattern so that now only a single crystal is exam- 
ined. The difference between the crystallite size 
calculated from the X-ray peak broadening and 
grain size observed by the TEM micrograph is 
enormous. The commonly observed grain size 
is about 100 nm by TEM with a crystallite size of 
19 nm by X-ray broadening. This means that the 
number of the observed stacking faults drastically 
limits the area of the coherent crystallite size. 

29Si MAS-NMR 
Figure 7 shows the 29Si MAS-NMR spectra 
recorded on selected pyrolysed samples. The sig- 
nals of the samples which were pyrolysed at 
1400°C or 1500°C show clearly two components, 
one around -15/-16 ppm and the other around 
-191-20 ppm, with a third component as a shoulder 
more or less well defined around -25 ppm. The 

cac 
aa 
I.ly_j 

50 0 - 50 50 0 - 50 
Fig. 7. %i MAS-NMR spectra of pyrolysed polysilane samples. 

spectra of the samples fired at 1600°C and 1700°C 
seem to present the same components, but with an 
increase of the signal around -19 ppm. As for the 
1800°C sample, the signal is much sharper, cen- 
tred around -19 ppm. 

In order to extract the various components, the 
spectra have been simulated and the results are 
reported in Table 2. Three components (Pl, P2 
and P3) have been introduced. The chemical shift 
values correspond to values found for Sic poly- 
types.‘“2’ Figure 8 demonstrates the fitting pro- 
cedure for the 1700 and 1800°C samples. Table 3 
summarises some 29Si NMR data collected in the 
literature on various SIC polytypes. Hartman et 

al. I9 found four possible types of Si surroundings 
in SIC polytypes which they called A”, B”, Csi 
and Da; all the chemical shift values for the differ- 
ent sites are very close. Moreover, in the case of 
the cubic polytype 3C, where only one site is 
expected, different values of chemical shift have 
been published depending on the nature of the 
sample (powder, single crystal, whiskers). An 
excellent paper from Cardurner et al.” clearly 
showed the importance of stacking faults in P-Sic 
samples: they examined different commercial 
P-Sic powders and found that the 29Si NMR 
response could be either a narrow peak around 
-16 ppm, accompanied by some minor features 
due to structure units of a-phases, or a broader 
signal centred at -18/-19 ppm. They concluded 
that these differences came from the formation of 
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Table 2. Results from the simulations of the 29Si MAS-NMR spectra of pyrolysed samples 

Samples Peak Chemical shif 
label (PPm) 

Linewidth 
(mm) 

Percentage 

14OO”C, 1.5 min 

14OO”C, 6 h 

15OO”C, 1.5 min 

lSOO”C, 1 h 

15OOT, 5 h 

16OOT, 1 h 

17OO”C, 15 min 

18OO”C, 15 min 

P2 -20.4 
Pl -14.7 

P3 -23.9 
P2 -20.0 
Pl -15.1 

P3 -24.1 
P2 -20.1 
Pl -15.1 

P3 -24.0 
P2 -20.0 
Pl -15.8 

P3 -24.2 
P2 -20.1 
Pl -15.5 

P3 -24.4 
P2 -19.3 
Pl -16.3 

P3 -24.5 
P2 -19.7 
Pl -16.0 

P3 -23.0 
P2 -18.7 

stacking disorders in the SIC particles. A sharper 
resonance should be related to an ordered P-phase 
as predominant component, while a broader peak 
should be related to a disordered structure. All 

calculated 

- p -Sic (P2) 

a - SIC (P2) 

- a - SIC (Pl) 

- a - Sic (P3) 

1 I 
Pl , P2 P3 , 

1 I 

0 -8 -16 - 24 -32 - 40 

chemical shift / ppm 

Fig. 8. Example for the deconvolution of the obtained “Si 
MAS-NMR spectra of the 1700 and 1800°C samples. 

6.6 
9.7 

3.9 
4.4 
6.9 

4.3 
4.6 
8.9 

5.3 
3.9 
6.4 

3.9 
4.1 
5.4 

4.7 
4.6 
7.1 

3.2 
4.9 
6.6 

2.5 
3.6 

25 
75 

10 
21 
69 

7 
18 
75 

15 
21 
64 

13 
31 
56 

10 
47 
43 

4’: 
44 

3 
97 

these studies show clearly that the assignments of 
the resonance peaks to precise Si sites is far from 
obvious in such systems. 

At 1400°C and 15OO”C, the main component is 
the Pl (-15 ppm) resonance peak whose position 
is slightly shifted upfield by increasing the firing 
temperature and/or by increasing the time of heat 
treatment. An upfield shift has already been 
reported in the literature for the conversion of the 
Yajima polycarbosilane into Sic9 and assigned to 
deprotonation reactions occurring at the C sites 
and causing a change in the chemical shift of the 
Si sites. In the present case, the same explanation 
can be given even if, at such temperature, the 
number of C-H bonds should be very small. The 
shift can also be related to an ordering of the vari- 
ous sites. This peak can be assigned to the pres- 
ence of sites Csi from P-Sic phases considering its 
chemical shift value and its intensity. If it were 
due to sites AS’ from an a-phase, other peaks 
would be expected, due to sites BS’ and C”, of 
equal intensity. 

The peak P2 is more difficult to assign, because 
its chemical shift value is in a range where contri- 
butions from various polytypes can overlap. It is 
interesting to point out that its intensity increases 
with the heat treatment time, while the intensity of 
the Pl peak decreases. This tendency is even more 
pronounced at higher temperatures, 1600°C and 
1700°C where this signal becomes dominant. 
Finally, at 1800°C it seems that only this peak at 
-18.7 ppm now remains. The XRD pattern of the 
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Table 3. “Si chemical shifts for various Sic polytypes 
extracted from literature 

;-Sic (3C) 
crystals 
crystal 
powder 
crushed bulk 
whiskers 

u-Sic (6H) 

a-Sic ( I5R) 

a-Sic (2H) 

a-Sic (4H) 

Site 

(Iittcnsit~~ 
wtio) 

C 

ABC 
(l/l/l) 

ABC 
( I/2/2) 

D 

BC 

(l/l) 

-18.3 
--16.1 
-18.4 
-17.2 
-20 

- 139+20,2;-24.5 
- 14.3;-204-24.9 

- I49-20.8;-24.4 
- 14&20.5;-24. I 

-20.0 

-I 9.7;-22.5 

I8 
I6 
I6 
17 
I7 

l&l9 
I6 

I9 
I6 

20 

20 

1800°C sample is characteristic of P-Sic with 
some traces of a-phase: it seems thus correct to 
assign peak P2 to Si sites in crystalline P-Sic 
phase. The small P3 peak at -23 ppm could be 
due to sites Cs’ of polytype 6H in agreement with 
the XRD and Raman spectra. 

It thus seems that the two peaks PI and P2 
could be assigned to Si sites of the P-polytypes. 
By reference to the paper from Carduner et al.*’ 

the chemical shift values for PI could correspond 
to ordered SIC crystallites, while the peak P2 
could be due to disordered SIC phase with stack- 
ing faults. 

The peak P3 is present in all the spectra and 
shows the presence of Si sites of type Csi only pre- 
sent in a-polytypes such as 4H, 6H or 15R. Its 
intensity seems to increase with the heat treatment 
time at 15OO”C, but never exceeds 15% of the total 
amount of Si sites. The presence of some cu-poly- 
types is in agreement with the XRD and electron 
diffraction results. 

A continuous sharpening of the various peaks 
either by increasing the firing temperature or the 
firing time can also be seen. This can be related 
to an ordering of the various Si sites in a more 
crystalline structure. 

Discussion 

From the above results some conclusions can be 
drawn concerning the crystallisation behaviour of 
these polymer-derived silicon carbide samples. 

The amorphous SIC structure starts to crys- 
tallise around 1200°C. Very small crystallites of 
P-Sic, less than 2 nm in size, are observed at this 
temperature and no crystallite growth is detected 
even after long treatment time (12 h). The amor- 

phous part of the material still contains a certain 
amount of hydrogen and chlorine, and is charac- 
terised by a signal between -14 and -16 ppm in 
the corresponding 29Si MAS-NMR spectra. This 
peak Pl (Table 2) becomes weaker with higher 
temperature and longer dwell time. However, even 
at 1400°C the carbon atoms are partly hydro- 
genated and the material still contains about 2 
wt% chlorine. At that temperature a moderate 
growth of the P-Sic crystallites starts that is asso- 
ciated with the formation of numerous stacking 
faults which will nucleate also crystallites of 
a-polytype in the samples. These a-silicon carbide 
polytype areas are observed by X-ray diffraction 
as well as by Raman spectroscopy and electron 
diffraction. The NMR spectra present two major 
signals (Pl and P2) indicating the presence of 
ordered and disordered P-Sic phases, but also a 
peak at -23 ppm (P3) that shows unambiguously 
the presence of Si sites characteristic of structure 
units of a-polytypes. This peak was found in 
almost all samples except for the 1400°C (15 min) 
sample. The formation of a-Sic is caused by the 
creation of stacking faults that act as nuclei for 
these instable polytypes during the preferred 
P-Sic crystallisation. The insufficient mobility of 
the atoms at temperatures lower than 1600°C does 
not enable rearrangement of the formed a-Sic- 
crystal regions into a P-Sic crystals or at least 
affects it drastically. The NMR spectra of samples 
heat treated at T > 1600°C show a decreasing 
intensity for the P3 peak. However, this observa- 
tion seems in disagreement with the XRD results 
of the 1600 and 1700°C samples, for which more 
significant peaks due to the 6H polytype are 
observed. But this difference between the two 
techniques may be caused by the change in the 
amount of amorphous phases in the samples. The 
P3 signal is certainly caused by stacking faults 
in the crystals or similar local structures in the 
amorphous material. These local a-like structures 
are not detected in the X-ray pattern but they are 
observed in the NMR spectra. Probably the 
nanocrystalline regions are the first which are 
rearranged into more @silicon carbide-like struc- 
tures, so that the intensity of the P3 NMR signal 
decreases. This does not affect the X-ray pattern 
where more defined SIC crystals become detectable 
and show clearly separated polytype signals. 

The crystallisation process is completed at 
1800°C when almost pure p-silicon carbide is 
found by all investigation methods. Large grains 
of about 100 nm and crystallites of 20 nm exist. 
The rapid crystallite growth is obviously enabled 
by the higher mobility of the atoms that leads 
partly to a rearrangement of the a-like structures 
and stacking faults in the already existing P-Sic 
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crystals which are drastically expanded after that 
temperature. In this way the unexpected transfor- 
mation of the a-Sic into /?-Sic becomes under- 
standable when the usual option of a strong 
impediment of the (Y + p transformation is 
regarded as valid on a global level but, obviously 
in the investigated case, it is on a local scale that 
transformation occurs. 
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