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The atomic structure of amorphous silicon nitride fibers produced by two different
methods is revealed using the technique of neutron scattering. Polymer-derived fibers
are found to contain excess crystalline silicon and disordered carbon, and fibers an-
nealed in N, for 100 h contain a cristobalite phase that becomes amorphous under
200-kV electron irradiation. Fibers grown from the gas phase, however, are shown to
consist of almost pure amorphous Si; N,, with a small crystalline a-Si; N, component.

Introduction

The development of new techniques for the synthesis of
nonoxide ceramic fibers has been fueled by the need for high
tensile strength fibers capable of use in oxidizing environ-
ments at temperatures up to 1,400°C. The lifetime of com-
mercially available silicon carbide fibers is limited above
1,000°C, as they undergo structural changes in this tempera-
ture range. Silicon nitride, however, is stable at temperatures
exceeding 1,400°C, and should therefore be a good candidate
for high-temperature applications.

The fibers studied in this work were produced at Dow
Corning, (Michigan) and the Swiss Federal Laboratories for
Materials Testing and Research (EMPA) (Dubendorf,
Switzerland). Researchers at Dow Corning used pyrolysis of a
polymer precursor (hydridopolysilazane) to obtain continuous
fibers with diameters greater than 10 um. These fibers pos-
sess a tensile strength of up to 3 GPa and an elastic modulus
of 260 GPa (Legrow et al., 1987). The fibers have a typical
composition of Sig 4 Ng30Co16000s- > Si nuclear magnetic
resonance (NMR) spectroscopy has been performed on the
fibers, and suggests the possibility of bonding between Si and
C, N, and O in the fibers (Legrow et al., 1987; Lipowitz, 1991).
In addition, excess free carbon has been observed in HPZ
fibers using transmission electron microscopy (TEM) and Ra-
man spectroscopy (see Lipowitz, 1991).

Researchers in the high-performance ceramics group at
EMPA have used a gas-phase process to grow both amor-
phous and crystalline silicon nitride fibers from silica powder
through the decomposition of ammonia at temperatures be-
tween 1,400 and 1,500°C (Vogt et al., 1995). Amorphous fibers
with tensile strengths as high as 5 GPa have been grown, and
show no crystallization or other structural modifications when
annealed below 1,400°C in argon, or 1,500°C in nitrogen
(Chollon et al., 1996). Annealing in air, however, results in
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oxidation of the fiber surface at temperatures above 1,200°C
(Vogt et al., 1996). °Si NMR spectroscopy has been used to
characterize the amorphous fibers, and indicates the pres-
ence of an amorphous nonstoichiometric silicon oxynitride
phase Si;N,_,O, s, in addition to Si;N, (Vogt et al.,, 1995).

The purpose of this study is to characterize and compare
the atomic structure of the amorphous fibers produced by
the two different methods described above. While °Si NMR
spectroscopy gives useful information on the chemical species
present in the sample, the long relaxation times necessary to
achieve quantitative information limit the usefulness of the
technique for noncrystalline samples. Neutron scattering, on
the other hand, can provide detailed quantitative information
on the local atomic environment in amorphous materials, as
expressed by the bond lengths, bond angles, and coordination
numbers. These structural parameters can be used to model
the local positional (as opposed to chemical) order in the ma-
terial, and therefore provides complementary information to
NMR.

Experimental

Three amorphous fiber samples have been used for neu-
tron scattering measurements. The first two are polymer-de-
rived fibers produced by Dow Corning. The first is in the
as-prepared state, and the second has been annealed at
1,400°C in a nitrogen atmosphere for 100 h, in order to assess
its structural stability at high temperatures. These samples
will be referred to as HPZ1 and HPZ2, respectively. The third
sample has been produced by U. Vogt and coworkers at
EMPA using the gas-phase process described earlier, and will
be denoted EMPA.
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Neutron scattering measurements were performed at the
ISIS facility of the Rutherford Laboratory, Oxfordshire, UK,
using the liquids and amorphous solids diffractometer (LAD).
All three samples were powdered and loaded into thin-walled
vanadium cans for insertion into the neutron beam path.
Scattering runs were also performed on the empty cans and
spectrometer background in order to allow subtraction from
the sample scattering data, and on a standard vanadium rod
of the same size and shape as the cans. After standard cor-
rections to the data for attenuation and multiple scattering of
the neutron beam (Soper et al., 1989), the scattering from the
sample container and spectrometer background were sub-
tracted from the data, and division by the vanadium standard
performed in order to express the scattering cross sections in
absolute units. Corrections to the data for inelasticity effects
were also performed, which finally yielded the total elasti-
cally scattered intensity for the sample.

The oscillatory component of the total scattering is known
as the total structure factor S(Q), where Q = 47 sin 6/A for
neutrons with wavelength A scattered by the sample to an
angle conventionally denoted by 26. The total structure fac-
tor is related by Fourier inversion to the real space function
G(r), known as the (total) reduced radial distribution func-
tion:

ARS
G(r)-1=—f Q[ S(Q) —1]sin Qrdr. 1)
m70

This function expresses the probability of locating an atom
at a radial distance between r and r + dr from an arbitrary-
origin atom. Peaks in G(r) therefore correspond to nonran-
dom atomic correlations, and in the range 0.1 <r < 0.3 nm
can be assigned to specific interatomic bonds. In the special
case of a monatomic system, the first peak in G(r) will repre-
sent the bond length, or nearest-neighbor distance, the sec-
ond peak the second-neighbor distance, and so on. The area
under the first peak in G(r) gives a measure of the mean
number of nearest neighbors, or the coordination number.

In practice, however, it is not possible to measure the scat-
tering to higher values of Q than some value Q... As a
result, the integral in Eq. 1 will have an upper limit of Q_,,,
which is equivalent to multiplying the integrand by a step
function M(Q), where

M(Q)=1 for
=0 for

Q< 0Onaux
0> Q- @
The effect of this is to produce a G(r) that is convoluted with

the cosine transform of M(Q), the so-called peak function
P(r), given by

1 o
P(r)=—f M(Q)cos(Qr)dQ
w70
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This function has a strong oscillatory component over a con-
siderable range in r on either side of the main central peak,
and these oscillations are known as termination ripples.
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Figure 1. Structure factor S(Q) for the three amor-
phous fiber samples.
Curves are displaced vertically for clarity.

Results

The structure factor S(Q) for each of the three samples is
shown in Figure 1. In each case several broad peaks can be
seen that are characteristic of amorphous materials. The
strongest of these lie at approximately 27 nm ™! and 48 nm ™!,
followed by weaker oscillations that are almost negligible in
intensity after 200 nm ' (the raw data extends as far as 500
nm~1),

In the structure factor for HPZ2, however, an additional
sharp peak is present at 15.2 nm ™1, which is a Bragg reflec-
tion from a crystalline component within the sample. Addi-
tional Bragg peaks, not visible in Figure 1, can also be seen in
the uncorrected data for HPZ2 from individual detectors.
Closer examination of the EMPA spectrum also reveals the
presence of several Bragg peaks of low intensity, superim-
posed on the broader peaks in S(Q). In the structure factor
for HPZ1, the second peak is almost symmetrical, whereas in
HPZ2—and to a lesser extent EMPA—this peak has a pro-
nounced high-Q shoulder.

Each Bragg peak in S(Q) can be related to an interplanar
spacing d by the expression d = 27/Qp, where Qj is the po-
sition of the Bragg peak. The values of d can then be checked
against standard x-ray powder patterns to determine the
crystalline phases present in the sample. The results for sam-
ples HPZ2 and EMPA are presented in Table 1 along with
their respective assignments. While the crystalline inclusions
in sample EMPA are purely a-Si;N,, sample HPZ2 appears
to contain several crystalline phases. The d-spacing of 0.413

Table 1. Measured d-Spacings and Their Assignments for
Bragg Peaks in Structure Factors for HPZ2 and EMPA

HPZ2 EMPA
d (nm) Phase d (nm) Phase
0.413 Cristobalite 0.338 a-Si3N,
0.314 Si 0.289 a-Si;N,
0.288 a-Si;N, 0255 a-SisN,
0.208 a-SiyN, 0.228 a-SiyN,
0.161 a-Si;N, 0.160 a-Si3N,
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nm does not correspond to Si, SiC, or Si,N,, and on the basis
of electronic microscopy analysis (described below) is as-
sumed to correspond to cristobalite.

Since neutron scattering is a bulk method, it is impossible
to determine whether amorphous and crystalline features in
S(Q) originate from distinct fibers or a single fiber. In order
to further investigate the presence of crystallinity in samples
HPZ2 and EMPA, transmission electron microscopy (TEM)
analysis has been carried out using a JEOL 2010 microscope
with a line resolution of approximately 0.14 nm. A small por-
tion of the powdered samples used for neutron scattering
measurements was suspended in acetone, from which a drop
of the suspension was placed on a standard 3-mm copper grid
covered with a perforated carbon film for insertion into the
microscope.

In sample HPZ2, crystallites extremely sensitive to the
electron beam were observed with d-spacings of 0.41 nm
(Gilkes, unpublished work). These crystallites very quickly
become amorphous producing only diffuse halos in the elec-
tron diffraction pattern. The spacing of 0.41 nm is close to
that of the cristobalite phase (0.415 nm) observed in heat-
treated Nicalon fibers (Maniette and Oberlin, 1989). Since
the HPZ fibers are likely to possess an amorphous SiO, com-
ponent, it is possible that this component crystallizes during
annealing to form cristobalite particles.

TEM investigation of individual HPZ2 fibers reveals both
amorphous and crystalline components. Figure 2 shows a
high-magnification TEM image of the edge of a fiber parti-
cle, and crystallites of Si with 0.32-nm spacings can be seen
embedded in the amorphous matrix. In the case of sample
EMPA, however, TEM analysis reveals two distinct types of
fiber particles. One is crystalline, with lattice spacings match-
ing those of «-Si;N,, and the other amorphous (Gilkes, un-
published work). Very few particles exhibited diffraction pat-
terns with both amorphous and crystalline features.

The reduced radial distribution functions G(r) for each of
the three samples has been obtained by Fourier inversion of
the structure factors (Eq. 1), and these are shown in Figure 3.
In each case, the main peak lies between 0.172 and 0.174 nm,

Figure 2. TEM bright-field image of part of a fiber from
sample HPZ2.

It shows both amorphous and crystalline regions with 0.32-
nm interplanar spacings.

2872

Ceramics Processing 1997 Vol. 43, No. 11A

units)

G(r) (arb.

L A S i L 1

0.3

r (nm)

0.4 0.5 0.6

Figure 3. Reduced radial distribution function G(r) for
the three amorphous fiber sampies.
Curves are displaced vertically for clarity.

which is close to the Si—N bond length in crystalline Si;N,
(0.173 nm). The second peak lies at about 0.280 nm. Other
smaller peaks can be seen in the data, and while some of
these may be structural in origin, several are artefacts pro-
duced by the truncation of the Q-space data. This effect is
particularly noticeable for the first peak, which has equally
spaced sidebands at 0.13 nm and 0.21 nm. These sidebands
can be seen most clearly in the data for the EMPA sample.

The data for HPZ1 and HPZ2 do not possess clear sym-
metrical sidebands, but rather appear to possess an extra
structural peak at 0.143 nm. This value is close to the C-C
bond length in graphite (0.142 nm), confirming the presence
of free carbon in both HPZ1 and HPZ2. Peaks in G(r) below
0.12 nm are not viewed as structurally significant, as low-
frequency oscillations in S(Q)—arising from the inability to
adequately correct the data for inelastic scattering from small
amounts of H in the sample—will give rise (through Eq. 1) to
unphysical peaks in G(r) at very low r-values.

Discussion

Ignoring for the moment the Bragg peaks in S(Q), the
curves in Figure 1 are closely similar to published data for
thin-film a-Si;N, produced by chemical vapor deposition
(CVD) (Misawa et al., 1979). For this material, the second
peak in S(Q) is found to be symmetrical, suggesting that the
Si;N, component of HPZ1 comes closest to forming a truly
amorphous network. The presence of a shoulder to this peak
in the other samples—particularly the annealed HPZ2 sam-
ple—suggests that the structural ordering in the HPZ2 and
EMPA samples is closer to crystalline «-Si,Nj, as the struc-
ture factor for crystalline «-Si;N, has a strong peak at 53
nm ™! (Gilkes, unpublished work). In the case of EMPA, the
sample is composed of distinct amorphous and crystalline
fibers, and if the latter were removed the structure factor
would more closely resemble that of CVD a-Si;N,. On the
other hand, TEM findings suggest that the HPZ2 sample
contains fibers in which both crystalline and amorphous re-
gions occur on a microscopic scale, possibly through growth
of crystalline nuclei already present in the as-prepared fibers.

AIChE Journal



(arb. units)

G(r)

0.1 0.15 0.2 0.25

r (nm)

Figure 4. Gaussian fit (dotted) to the first peak in G(r)
(solid) for the EMPA fiber sample.

The real-space data of Figure 3 reveal the presence of
graphitic carbon in both HPZ1 and HPZ2, as observed by
other workers (Lipowitz, 1991). The carbon component in
these fibers is likely to be disordered, as crystalline graphite
produces a strong Bragg peak in S(Q) at 18.8 nm ™', and no
such peak is present in Figure 1. In addition, no crystalline
graphite was tound during TEM analysis of the fibers. The
position of the main peak in G(r) around 0.173 nm is consis-
tent with a material dominated by covalent Si-N bonding. If
the second peak in G(r) at about 0.28 nm is assumed to arise
mainly from N-N second neighbors, the mean bond angle 6
can easily be calculated using the expression # =2 sin™!
(R,/2R)), where R, and R, are the positions of the first and
second peaks, respectively. This yields a value of approxi-
mately 111° for samples HPZ1 and HPZ2, and 110° for sam-
ple EMPA, all of which are close to the tetrahedral angle of
109.5°.

Although sample HPZ1 has a structure factor that most
closely resembles that of CVD a-Si;N,, the atomic composi-
tion of sample EMPA is closest to that of pure Si;N,. No
C-C bonds are present in G(r) for this sample, and the first
(Si—N) peak is almost perfectly symmetrical. A fit to the peaks
in Figure 3 can be made by placing Gaussians at the correct
positions in r-space and convoluting them with the appropri-
ate peak function (Eq. 3) to simulate the effects of truncation
of S(Q). A fit to the first peak in G(r) for EMPA has been
made using a single Gaussian centered at 0.172 nm—this fit
is shown in Figure 4. The fit can be seen to reproduce the
experimental peak almost exactly, and reproduces correctly
the positions of the two sidebands resulting from truncation
of S(Q).

This suggests that other bonds involving Si are unlikely to
be present in significant proportions, such as Si—-O bonds,
which would occur at around 0.16 nm. This does not, how-
ever, rule out the possibility of the presence of an amorphous

silicon oxynitride component with composition Si;N,_ O, 5.,
suggested by NMR measurements (Vogt et al., 1995), but im-
plies that x < 1. More accurate measurements of the compo-
sition of the fibers are currently being made (Pillinger, work
in progress), in order to allow a detailed analysis of the real-
space data involving the extraction of the coordination num-
bers for each sample.

Conclusions

Neutron scattering measurements performed on three
amorphous fibers reveal distinctive similarities and differ-
ences in their atomic structure. While the as-prepared fibers
produced through pyrolysis of a polymer precursor have an
amorphous structure closely similar to CVD-produced a-
Si;N,, annealing at 1,400°C in N, for 100 h produces exten-
sive crystallization of the residual polymeric component, and
partial crystallization of the Si;N, matrix. In addition, both
samples possess excess disordered carbon.

The fibers grown by vapor deposition of ammonia on silica
are also predominantly amorphous, but do contain a small
proportion of crystalline a-Si;N,. It is possible that these in-
clusions result from temperature fluctuations within the de-
position cell that favor growth of the crystalline material. The
real-space data for these fibers show that the atomic struc-
ture of the material is close to pure Si;N,, with very little
bonded oxygen present in the fiber matrix.
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