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Structural properties of amorphous hydrogenated carbon.
I. A high-resolution neutron-diffraction study
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The structure of samples of amorphous hydrogenated carbon, prepared from acetylene and propane
precursors, containing 35 and 32 at. % hydrogen, respectively, was investigated by time-of-flight neutron
diffraction in the range 0.2-50 A using the ISIS spallation source. The large dynamic range of the
data ensures a real-space resolution sufficient to reveal directly the proportions of sp? and sp* hybridized
carbon. The results show that, in these hard carbon materials, the carbon-atom sites are predominantly
sp? bonded, and the carbon-carbon single bond:carbon-carbon double bond ratio is about 2.5:1. The de-
tailed information on atomic correlations thus provided is used to discuss current structural models, and
in particular the data are used to show that these models require significant modification.

INTRODUCTION

For a period of over two decades there has been con-
tinual growth in our knowledge of amorphous materials
and our understanding of their properties, accompanied
by their technological exploitation. Important questions
remain unanswered concerning their properties,
however—a situation exacerbated by the increasing com-
plexity of novel materials—and amorphous materials
therefore maintain their position of continued fundamen-
tal and technological interest. A prime example of this is
the now extensive work on amorphous hydrogenated sil-
icon, a-Si:H.! In fact, as novel materials continue to be
generated, the range of questions only increases.

The material at the focus of our investigation here,
amorphous hydrogenated carbon, a-C:H, is of particular
interest as it may be prepared harder, denser, and more
resistant to chemical attack than any other solid hydro-
carbon,?? which, together with the high degree of trans-
parency to the infrared and histocompatibility, have led
to many applications.*> The macroscopic properties of
the material are, however, critically dependent on the
conditions under which it was prepared.® a-C:H can be
prepared in forms varying from the soft polymeric (high
hydrogen content with many -CH,-chains) at one extreme
and graphitic (high sp? content, low hydrogen content) at
the other. Polymeric a-C:H films are deposited under
conditions having intrinsically low incident particle ener-
gies, whereas the graphitic analog arises from deposition
conditions in which there are high incident energies
which causes preferential sputtering of hydrogen. Hard,
or “diamondlike” a-C:H form under conditions of inter-
mediate deposition energies, which result in a large de-
gree of crosslinking and structural rigidity and intermedi-
ate hydrogen content.?

In spite of the great potential of the material and the
studies so far undertaken, e.g., Refs. 68, the structure of
these materials at the atomic level is not fully understood;
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this is of course largely due to the range of potential
bonding environments which allows a complex mixing of
atomic-scale correlations.

Current models for the structure involve
aromatic/graphitic clusters of sp? carbon interconnected
with a hydrogenated (or polymeric) sp* phase; a more de-
tailed account of these models can be found in the re-
views by Angus, Koidl, and Domitz? and Robert-
son.>%%10 Data presented here suggest this may be an un-
suitable model for a-C:H, especially at higher hydrogen
concentrations, where sp? carbon concentrations are
lowest.

The suggestion is supported by the recent results of
Frauenheim et al.!! (and extended greatly in paper IV of
this series) on molecular-dynamics simulation studies of
viable structures. Their findings show a system of short
chainlike segments showing a markedly low tendency to-
wards aromaticity. The sp? atoms are interconnected by
homogeneously distributed sp* chainlike segments. One
must bear in mind of course the intrinsic limitations of
finite box-sized (in this case 64 atoms) simulations using
approximated potentials, but the molecular-dynamics re-
sults are clearly at variance with the current models.

The precise nature of the bonding in a-C:H obviously
has a crucial role to play in determining the bulk proper-
ties, particularly the spZsp? ratio, as these two carbon
bonding environments lead to vastly different physical
characteristics (e.g., diamond and graphite). Of the stud-
ies carried out hitherto the results have given sp2:sp? ra-
tios varying between 1:2 and 2:1, depending on exact
deposition conditions, with optical band-gap measure-
ments consistent with the current model of a high degree
of clustering of sp? carbon sites which would indicate
that intermediate, as well as short-range order is impor-
tant. NMR (Refs. 7, 8, and 12), however, provides reli-
able information on this ratio and suggests that sp? atom
concentrations will be slightly greater than that for sp>
atoms for most a-C:H samples. Our NMR results
(presented in paper III of this series) provide a very much
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more detailed picture than any published hitherto on
these structural questions.

Attention should also be drawn to the important role
played by the hydrogen in determining the properties of
a-C:H; a role which is crucial to a full understanding of
the material. Within the Robertson model, for instance,
the hydrogen is seen to stabilize the sp® regions, reducing
the number of network-terminating bonds, and therefore
leading to a maximum hardness at intermediate hydrogen
concentrations. Inelastic neutron scattering can be used
to focus on the hydrogen vibration modes in a-C:H and
can therefore act as a detailed probe for looking at the
hydrogen environment; paper II in this series will present
and discuss the quantitative (cf. infrared and Raman
spectroscopy) data derived from such experiments.

Diffraction experiments on the other hand provide an
opportunity to obtain direct information on interatomic
distances and on the average numbers of atoms in each
coordination shell. These have been mainly limited to x-
ray'® and electron diffraction'* thus far; both these probes
interact with the electrons surrounding the nucleus rath-
er than the nucleus itself, and as a consequence of this
light elements, especially hydrogen, are virtually invisible
and are therefore not well detected by these methods.
Also the range of data available in k space is intrinsically
too restricted to allow the extraction of high-resolution
real-space information. In particular, it is not possible to
distinguish different carbon bonding environments on in-
teratomic separations alone; only the mean separation
and coordination number may be used, with the addition-
al concern that coordination numbers are hard to deter-
mine accurately on the basis of x-ray or electron-
diffraction data.

Neutron diffraction, especially from a pulsed source,
overcomes this problem by allowing a significantly wider
dynamic range, and with its reliance on scattering from
nuclear centers rather than electron distributions, enables
the hydrogen bonding environment of a-C:H to be stud-
ied. Moreover, the interference function (or structure
factor) derived from a neutron-diffraction experiment
may be placed on an absolute scale: the data are fully
quantitative.

We present here data of superior real-space resolution
to that available hitherto and use the information derived
from it to discuss the validity of current models for the
structure of a@-C:H. Initial findings relating to two
different forms of a-C:H have been published;'>¢ we here
aim to present a full analysis of the data and to provide a
consolidated and coherent discussion of the implications
of these results. In paper II of this series we present com-
plementary results (on the same samples) from an inelas-
tic neutron-scattering study which highlights the hydro-
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gen binding environment still further and this is sugges-
tive of the overall nature of the network structure. Paper
IIT adds significant additional information derived from
an exhaustive series of magic angle spinning
(MAS)/NMR measurements, may of which required the
use of sophisticated resonance methods. The structural
model suggested in paper III, derived from a synthesis of
the neutron and NMR data, is itself illuminated further
by comparison with the molecular-dynamics (MD) simu-
lation results presented in paper IV.

EXPERIMENTAL DETAILS

Two samples of a-C:H were prepared using a saddle-
field fast-atom (i.e., neutral particle) source!”'® from ace-
tylene and propane precursor gases, respectively. The
samples were prepared at an effective beam energy of
~500 V (this figure differs from that given in our prelimi-
nary papers on these samples: this is due to a miscalibra-
tion of the equipment by the manufacturers, now
rectified) and a system pressure of 1.4X 10~ mbar, and
are in the form of powders derived from original thin-film
deposits. These deposition conditions pertain to the hard
forms of the a-C:H family: Knoop hardnesses of 2000H
have been measured’® for these materials (cf.
6000-11000H, for diamond®), although hardnesses
greater than 6000 H, have also been observed in the same
series of studies. Sample densities were determined using
a residual volume technique. This measured bulk density
is likely to be less than the microscopic density due to the
presence of voids. The compositions were obtained from
Carlo-Erba CHN combustion analyses. Results of these
measurements are given in Table 1.

The data presented here were collected using the LAD
diffractometer at the ISIS pulsed neutron facility at the
Rutherford Appleton Laboratory (UK) (Ref. 20) has a
wide dynamic range available (~0.2-50 A™!). A spalla-
tion source such as ISIS produces neutrons with a spread
of velocities, and therefore a spread of arrival times at
any detector. This gives a smooth variation in neutron
wavelength as a function of time-of-flight (tof). Neutrons
are scattered from the sample into fixed angle detectors
on each side of the instrument, and for each detector pair
(i.e., at a given angle 20) the scattered intensity can be
measured as a function of tof, which can be directly relat-
ed to momentum transfer. The complete scattering
profile is then obtained by combining overlapping spectra
from several detector angles. Tof spectra are also record-
ed by monitors in the incident and transmitted beam to
provide information on the total neutron cross section
and the shape of the incident beam’s intensity: wave-
length profile. For each experiment, at least four mea-

TABLE I. Compositional information on the two samples.

Number
Precursor C:H ratio C in film H in film Density densigy_3
gas in gas (at. %) (at. %) (gem™3) (atoms A )
Sample 1 Acetylene 1:1 65 35 1.8 0.134
Sample 2 Propane 1:4 68 32 2.0 0.140
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terms which are weighted to give the total structure fac-
tor F(Q), such that

F(Q)=3 262+ c bycsbslSs@—11,
a aBf

where ¢, and cg are the atomic fractions, and b, and bg
are the neutron coherent scattering lengths, respectively,
of elements a and B, and S,g(Q) is the partial structure
factor. The first summation represents the “self-” or
“single-atom” scattering, while the second corresponds to
the “interference” or ‘distinct” scattering and contains
the basic information on atomic correlations. The
derivation of these equations is predicated on the validity
of the static approximation,’”?* which requires that any
change in a neutron’s energy upon scattering is small
compared to its incident energy. Fourier transformation
leads to the total pair-distribution function G (r):

G(r)=3 [c cpb,bpgop(r)], (3)
aB
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FIG. 1. A schematic representation of the experimental ar-
rangement.

account 1s taken of the deviation trom purely elastic
scattering, or the static approximation) is the most prob-
lematic step in the analysis procedure. The simplistic ap-
proaches to the problem?® break down for low atomic
mass systems, and alternative routes need to be found.

The high incoherent scattering cross section of hydro-
gen generates a large amount of self-scattering, which
will change the overall level of the measured total scatter-
ing without affecting the interference function. So, isola-
tion of the interference function is possible to a good ap-
proximation if the overall shape of the self-scattering is
found. The method adopted here is an empirical method
which involves fitting a low-order polynomial to the un-
derlying curve, which is then removed from the spectra.
Since the major impact of the inelasticity correction is in
the self-scattering term, the subtraction of this smooth
curve provides a reasonable approximation (bearing in
mind the fact that current pseudoanalytic approaches to
this problem?®~ 28 do not cope well with low-mass nuclei).
The method works well for the data at Q> ~2 A_l,
however, for the region below Q ~2 A7 lit is less robust
and as a consequence the form of the structure factor in
this region is not as quantitatively reliable and this may
lead to certain problems in the Fourier transformation to
the pair-distribution function. In other studies of this
problem?® the interatomic distance for nitrogen, for ex-
ample, is found to be 3% too short, and for deuterium
the shift in Q produces a 180° phase shift in the oscilla-
tions in sin(Qr). We therefore expect the bond distances
and peak areas for correlations involving hydrogen to be
approximate only. Inelastic neutron scattering, however,
has been used to obtain a reliable value for the H-H
molecular bond length in a-C:H.?®


















