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INTRODUCTION

The structure of amorphous hydrogenated carbon (a-C:H),
prepared under certain conditions, is such that it is harder,
denser and more resistant to chemical attack than any other
solid hydrocarbon. This, coupled with its high infra-red trans-
parency and the ability to control the as-deposited properties
to suit specific requirements, has led to many applications ([1].

- The material 1s thought to consist of clusters of sp? hy-
bridised carbon interconnected by regions of sp3 carbon in a
continuous random network, with the spZ?:sp3 ratio varying be-
tween 1:2 to 2:1, depending on exact deposition conditions. The
high degree of sp? clustering suggested by optical gap measure-
ments indicates that intermediate, as well as short range
order.are important. The reviews by Angus et al [2] and
Robertson [3] provide an excellent outline of this and other
model structures.

There have been few direct diffraction experiments per-
formed on a-C:H and these have been limited mainly to electron
diffraction (e.g. McKenzie et al. ([4]) in which the K-space
range of avallable data is too restricted to extract high reso-
lution real-space information Neutron diffraction, especially
from a pulsed source, overcomes this resolution problem by tak-
ing a significantly wider data range than is possible by elec-
tron or X~ray diffraction. Neutron diffraction also probes the
hydrogen environment in a direct way.
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Complementary informatlon concerning the local bonding con-
figurations can be obtained from the vibrational properties of
the material. Optical probes (IR and Raman spectroscopy) have
been widely used in this way, and comprehensive tables have been
published [7]. The incoherent neutron scattering cross-section
of hydrogen is several orders of magnitude greater than that for
carbon. Incoherent inelastic neutron scattering takes advantage
of this with the effect that the observed spectra are, to a very
good approximation, purely from the hydrogen vibrations.

EXPERIMENTAL DETAILS

The amorphous hydrogenated carbon used in these experiments
was produced using a saddle field ion beam source [6]. Samples
1 and 2 (prepared from propane and acetylene gases respectively)
were deposited in the conventional way onto copper substrates (-~
as a-C:H does not adhere to copper, this proved an ideal method
for providing the large, ~ 2-5 gm, powder samples required for
neutron scattering experiments). Sample 3 was collected from
within the source chamber and had been deposited over a period
of time, from a mixture of propane, butane and acetylene gases.

The neutron diffraction and inelastic neutron scattering
data were collected at the ISIS pulsed neutron source
(Rutherford Appleton Laboratory) using the LAD diffractometer
and the TFXA spectrometer respectively (see Figure 2; detailed
information can be found elsewhere (7]). The analysis of the
neutron diffraction data is only fully complete for samples 1
and 3.

A spallation neutron source, such as the one at the Ruther-
ford Appleton Laboratory produces a pulse of neutrons with a
spread of velocities, and thus a spread of arrival times at any
one detector. This gives a smooth variation of neutron wave-
length as a function of time-of-flight (A «t/1l where t is the
time-of-flight over path length 1)

The LAD detectors are arranged so that, on each side of the
instrument there were detectors at fixed scattering angles,
Spectra were recorded separately, as a function of time-of-
flight, for each of these detector pairs and also for monitors
in the incident and in the transmitted beam. Spectra were
recorded for each of the samples together with their respective
empty containers, the no-sample background and for a vanadium
rod. The vanadium rod is used as a “standard" and provides the
information necessary to put the sample scattering on absolute
scale [8]. TFXA uses a time-focussed pyrolitic graphite crystal
analyser to resolve the scattered beam, with an extended detec-
tor array covering 0.06 steradians.

A Carlo Erba CHN combustion analyser was used to determine
the compositions of the samples. Infra-red measurements were
performed using a Mattson Instruments Alpha Centauri FTIR and
densities were determined using a residual volume technique.

Table 1. Compositions and densities of samples

C (at.%) | H (at.%) | # (8 cm°) | pn (gram atom cm™>)
Sample 1 | Propane 0.68 0.32 1.66 0.20
Sample 2 | Acetylene 0.65 0.35 1.51 0.19
Sample 3 | Mixture 0.71 0.29 1.65 0.19

THEORETICAL BACKGROUND

The object of performing a diffraction experiment is to de-
termine the structure factor, S(Q) where, for an amorphous mate-—
rial (i.e. an isotropic scatterer) {81:

S(Q) = 1 + 4mp/Q [ rdr(g(r) — 1)sin(Qr) (1)
. 3}

where p is the average number density of atoms in the material,
Q is the wave vector transfer associated with the diffraction
experiment — which for a liquid or amorphous solid, is defined
as O = 4n sin 6/A where 26 is the scattering angle - and g(r) is
the pair correlation function, which is a measure of the atomic
density at a distance r from a given atom at the origin. The
pair correlation function may therefore be obtained by Fourier
transformation of the structure factor.

In a multi-component system, there are contributions to the
total structure factor from each atom-type pair. For a binary
alloy a-C:H this ylelds three terms, which are weighted thus to
give a total structure factor, F(Q): :

2
=3 . — 2
F(Q) EaLCab., + Escabgc PgSeg (@ -1)  (2)

where cq 1is the atomic fraction, and bg the coherent scattering
lenigth respectively of element . The first summation repre-

_sents the "self" or "single atom" scattering while the second is
the "interference" or "distinct® scattering term and contains

the basic information on atomic positions. A Fourier trans—for-
mation of Sgg(Q) leads to the total radial distribution func-
tion,. G(xr) = Ehﬁ [cacgbabagag(r)]where the ggp(r) represent the
partial terms in G(x). Welghtings of individual terms in the
structure factor and radial distribution are displayed in. Table
2.(It should be noted that the Cc-H partial term is equivalent to
the H-C term). It can be seen that the C-C and C-H terms will
dominate the F(Q) and G(r). :
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Figure 1. Schematic diagram of neutron scattering instruments.
(The analyser crystal is absent in the diffraction case)
With inset scattering triangle. -




Table 2. Partial Contributions to F(Q) and G(r)

Term C-C{CH|HH
Sample 11204 | -54 | 1.4
Sample 3223 | -5.1 | 1.2

A neutron interacting with matter transfers energy, as well
as momentum to the system. This results in the need for a de-
tailed inelasticity correction for neutron diffraction experi-
ments, but provides the basis for inelastic neutron scattering

experiments in which the energy transfer, Rw, as well as Q is
measured (-~ in the case of TFXA this is achieved by determining
the energy of the scattered neutrons using a crystal analyser).
Given hydrogen's large crogs—section for incoherent scattering,
which dominates the total scattering cross-section for these
samples (see Table 3), the measured scattering from TFXA is, to
a very good approximation, given by the incoherent term. In
this situation, the scattering function can be related directly
to the vibrational density of states, <gl(u). A fuller

description of inelastic scattering theory can be found else-
where {9,10].

DATA ANALYSIS

Each of the diffraction data sets is in the form of a num—
ber of spectra, one for each detector, consisting of counts as a
function of time-of-flight. Before obtaining the F(Q) several
corrections need to be applied, full details of which can be
found elsewhere [11]. The major corrections are for background,
container and multiple scattering, attenuation and the effects
of inelasticity. The vanadium 1s used to put the sample scat-
tering on an absolute scale. ’

In hydrogenous materials, the inelasticity correction is in

many ways the most problematic step in the correction proced-
ures. The simplistic approaches to the problem {12] break down
for low atomic mass systems, and alternative routes need to be
adopted. Jung et al. [13] suggested a semi-empirical technique
for their work on methylene chloride which is based on estimat-
ing an effective average molecular mass. The principal elements

of their approach are used here to provide a model for the ef-
fects of inelasticity.

RESULTS

Angus et al (2] suggest that, for a hard carbon film, a
gram atom density greater than 0.2 is required, with lower den-
sities corresponding to a softer, more polymeric structure.
This indicates that these samples are intermediate between the
soft and hard a-C:H. Confirmation of this can be found from
analysis of the C-H stretch, which indicates the presence of
small quantities of CH3 and olefinic CHz groups, which only ap-
pear in the polymeric films.

Examinatlion of the radial distribution function G(r) from
sample 1 (see figure 2b) reveals a split C-C peak at 1.39 and
1.52 + 0.02A. Comparison of the peak positions with known C-C
bond lengths (see table 3) shows that the 1.52A peak is unam-
biguously the sinale bond lenath and that the 1.39A bond lenath

[

Table 3. Bond Lengths of Carbon and Hydrogen

C-C | Diamond | 1.54A
C-C | Graphite | -1.424
C-C | Benzene | 1.39544
C-C| Ethene 1.344
C-H | Methane | 1.0944
C-H| Ethene | 1.0744
H-H | Hydrogen | 0.7544

corresponds closest to that found in aromatic compounds, b
contributions from the 1.52A peak. The ratio 1.39A : 1.52
bonds has been found to be 1:4 and the average number of carbon
atoms bonded to each carbon atom is estimated to be about 2.5
(the exact uncertainty 1is unknown, but it is expected to be
quite large). The ratio of sp?:sp’ carbon is unknown, although -

the predominance of O-bonding and the relatively high average C-
C coordination both suggest a high sp? concentration.

The other features in the G(r) can be ascribed to a C-H
bond (1.07A), with a coordination number of 1.0 (due to the
close proximity of all C-H bond distances it 1s not possible -to
identify the dominant hydrogen location), an H-H peak at 0.8A
which is either molecular hydrogen or H-H distances between
neighbouring CH, groups (it is hoped ‘that molecular modelling
will cast more light. on this in the near future). . -

Moving beyond the first coordination shell, the broad fea-
ture between 2.3 and 2.7A is a combinatica of sp? and sp® C-C-C
distances, with an average carbon coordination number of 4.0.
Resolving the individual contributions is not possible because
of the proximity of the two distances, and the likely spread of
these distances as bond angles vary between local configura-
tions. ’ ’

Preliminary analysis of the diffraction data from sample 2
shows that the structure factor is very similar to that of sam-
ple 1. The only difference seems to be at low Q, which would
correspond to differences in the intermediate range order in the
continuous random network. A full analysis of this system
should be completed in the near future.

Comparison of the structure factors from samples 1 and 3
shows that it 1s only at low Q that the structure differs. This
would suggest that the structure is very similar for the samples
prepared in different parts of the vacuum chamber. Studying the
radial distribution functions, again, many similarities are evi-
dent; both samples have the same C-H and first and second shell
C~C coordination, numbers and have a feature at low r(< 14)
which corresponds to a H-H distance.

The inelastic data confirms that there is very little dif-
ference in the vibrational structures of the three samples (see
figure 3), with the three spectra being equivalent (to within
experimental error) for frequencies in the 200 to 4000 cm-1
range. Within this range, there are clear peaks at ~870cm.
1250cm~1 and 3000cm™). Comparison with published IR work [5]
shows that all three vibrations are consistent with olefinic C-H
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group vibrations, although the poor resolution at ~3000cm~l pre-
cludes any definitive assignment of this vibration. Although
the olefinic C-H groups dominate the inelastic spectrum, there

are signs that small contributions are made by other CH3 groups,

giving a general background to the 600-1800cm™1 region. The
inelastic data seems to contrast with NMR work [14] which shows
preferential bonding of hydrogen to sp? sites. Further work is
required to clarify the situation.

The differences that occur between both conventionally pre-
pared samples (samples 1 and 2) are at very low energy (o < 120
cml) (see figure 4). The modes giving rise to this are seen in
both samples, but with more intensity in sample 1 than in sample
2. These have been tentatively assigned to oscillations of
relatively large regions of the continuous random network, and
would be consistent with torsions of extended graphitic regions.

A surprising feature is the presence of molecular hydrogen
in sample 3. Its presence in amorphous hydrogenated solids has
previously been indicated by many techniques (e.g., IR on
a-Si:H by Chabal and Patel [15]) but never before seen directly
with neutrons. In a linear molecule, such as molecular hydro-
gen, the rotational energy levels are given by [16]:

Eg = hcBJ(J + 1) (3)

where Ey is the energy of the Jth rotational level,andB = R/4%cI,
with I being the moment of inertia. Thus, the transition from
the J = 0 to J = 1 energy levels requires 2hcB cm!. The rota-
tion for molecular hydrogen can be seen at ~110cm™l.. This can
be used to determine the moment of inertia, and hence the bond
length. This method was used to determine the hydrogen bond
length, which was found to be ~ 0.72 A, c.f. the accepted value
of 0.75 A for free hydrogen and 0.65 A as determined by diffrac-
tion. The splitting of the INS band is indicative of asymmetry
in the hydrogen environment, resulting in the hydrogen molecules
being contained within oblate or prolate spheroids.

CONCLUSIONS

The three samples are all intermediate between soft and
hard a-C:H and show little if any difference in their short
range order, although there is evidence of differences in the
intermediate. range order. This is likely to be due to the
graphitic regions varying in size and/or number from sample to
sample.

From the diffraction data it is it can be deduced that the
single bonds form the bulk of the random network, with a
smaller, but nonetheless significant proportion of double or
aromatic bonds. This data also shows that bonded hydrogen domi-
nates over free hydrogen, although small quantities of molecular
hydrogen have been detected in one sample by IINS.

The inelastic experiment, in particular, probed the hydrogen
environment. This data suggests that hydrogen is bonded mainly
at olefinic carbon sites, with smaller amounts at other sites.
Also, molecular hydrogen has been discovered in one sample,
although the quantity is small. Hopefully, molecular modelling

of tbe diffraction data, which is now in progress using a Monte-
Carlo based technique- [19], will yield more information.

There remain many unanswered questions concerning the struc-
ture of a-C:H. Clarification of the hydrogen bonding environment
is required and questions remain concerning the nature and extent
sp? and sp? of regilons, Further work using neutron and syn-
chrotron X-ray techniques together with computer modelling is in
progress which will address these outstanding issues.
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