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Abstract. A range of amorphous hydrogenated carbon (a~C:H) samples have been studied using
inelastic neutron spectroscopy (INS) and Fourier transform infrared (FTIR) spectroscopy. Using
these complementary. techniques, the bonding environments of both carbon and hydrogen can
be probed in some detail, with the INS data providing not only qualitative but also quantitative
information. By comparing the data from each of the samples we have been able to examine the
effects of different deposition conditions, i.e. precursor gas, deposition energy and deposition
method, on the atornic-scale structure of a-C:H.

1. Introduction

The importance of amorphous hydrogenated carbon (a-C:H) as a novel coating material has
already been established in terms of both its actual and potential applications [1, 2].. In
general, the most commonly exploited properties of a-C:H are its hardness, resistance to
chemical attack, histocompatibility and transparency to infrared. However, the properties
of this material are critically dependent on the conditions under which it was deposited [3],
and the precise nature of this relationship is not well understood. a-C:H can be produced in
a variety of forms, ranging from the extremes of soft polymeric (high hydrogen content and
high sp® content with many ~CH,— chains) and graphitic (low hydrogen content and high
sp® content) forms, to hard or ‘diamond-like’ a-C:H which has mixed bonding and a large
degree of structural rigidity and cross-linking. It is therefore of crucial importance to find
a model whereby the relationship between the macroscopic properties of the material and
the deposition conditions can be understood. Once this has been achieved, the possibility
of producing tailor-made a-C:H coatings becomes viable.

In spite of the great potential of the material and the studies so far undertaken, e.g. [3,
4,.5], the structure of these materials at the atomic level is not folly understood; this is of
course largely due to the range of potential bonding environments which allows complex
mixing of atomic-scale correlations. However, it is self-evident that the bonding in a-C:H
has a vital role in determining the observed properties; of particular importance will be the
proportions of sp? and sp® carbon bonding environments. Perhaps the most widely accepted
current model for the atomic structure of a-C:H is that developed by Robertson [6, 3, 7].
Here clusters of sp® carbon are linked via a hydrogenated (or polymeric) sp> phase, where
it is proposed that the mechanical properties are governed by these interconnections, and
the sp? regions determine the electronic properties. Within this model, hydrogen is seen
to stabilize the sp® regions, reducing the size of any sp? clusters, but at the same time
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increasing the number of network-terminating bonds, leading to a maximum hardness at
intermediate hydrogen concentrations [8]. A fuller account of this model can be found in
reviews by Angus [8] and Robertson [3].

Our own neutron diffraction data [9], together with other experimental [10, 11] and
molecular dynamics simulation work [12] has, however, provided clear evidence of the
inadequacies of this model, and has formed the basis for an improved model structure
{13]. Essentially this consists of short sections (<5 carbon atoms) of sp> CH, chains, and
statistically distributed CH groups in an sp?—sp’ carbon network with olefinic rather than
graphitic carbons. These two environments are separated by regions of non-hydrogenated
sp? carbons. Neutron diffraction data [14, 9] have also provided evidence for the presence
of molecular hydrogen in some way ‘trapped’ within the amorphous network. It is in the
context of this model that the present experimental data are discussed.

Building on our work on annealing a-C:H [15], this paper presents the results of inelastic
neutron scattering (INS) and infrared (JR) spectroscopy experiments performed on a range
of a-C:H samples, which will be used to provide additional insight into the carbon and
hydrogen bonding environments present in a-C:H, with reference to our revised model
structure, and to examine the effects of deposition parameters,

The effective deposition energy is already known to be a crucial parameter in
determining the properties and overall structural nature of the deposited film [16, 17, 18}.
Also, the effective impact energy at the growth volume is dependent on the spectrum of
fragment sizes derived from the source, and therefore on the nature of the precursor gas,
and of course on the physical processes involved in the ionization/decomposition processes
associated with the method of deposition. The basis of models currently used to relate
deposition parameters to the structare of the deposited material is the ‘subplantation’ model
of Lifshitz and co-workers {19] (and this is expounded in the a-C:H context by Robertson
{3]). Generally, for deposition from a hydrocarbon species, polymer hydrocarbon film
formation occurs at low growth impact energies (~10 s of eV), amorphous hydrogenated
carbon films form at intermediate impact energies (~50-100 eV), and dense, diamond-like
carbon (with a relatively low hydrogen content) is formed at high energies (~100-200 eV).
For impact energies higher than ~500 eV, disordered graphitic films are expected to result
(due to the large amount of damage caused by impinging species) with a low sp® carbon
content. These spectroscopic data will complement the neutron diffraction studies already
undertaken [20].

IR spectroscopy is a widely used technique in the study of these materials—see, e.g. [21,
22, 23}—especially for investigating the hydrogen bonding environment. Previously,
Dischler [21] performed an extensive study of the bonding of hydrogen in a-C:H, and
proposed assignments for all the observed frequencies. Also, Vandentrop et al [23] used
IR spectroscopy to estimate CHy:CHj ratios, but all IR results necessarily depend upon
assumptions for the matrix elements of each vibration, making fully quantitative analysis
very difficult. The technique has, however, been used quite successfully to look at trends
among different samples [15, 24]. This kind of information can be extremely useful and is
how the IR data have been used in this paper.

INS does not suffer from this problem as the observed scattering intensity is directly
related to the eigenvector of the vibration, although the energy resolution is not as good
as for IR spectra. In addition, there are no forbidden transitions in the INS case. INS
data are most useful for looking at the region of low-energy vibrations (~400-1800 cm™!,
i.e. ~50-225 meV)—that is, CH, and CH3 deformations and carbon—carbon stretches. As
well as for the a-C:H samples, spectra for diamond and graphite powders, polyethylene
and polyisoprene (natural rubber) have also been recorded and provide ‘reference’ spectra
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-against which those for a-C:H can be compared. The TFXA spectrometer at the ISIS
pulsed neutron source (Rutherford Appleton Laboratory, UK) is well suited to determining
the vibrational density of states of hydrogenated materials as it is optimized for energy
-tesolution (AE/E ~ 1.5-3%), albeit with a resultant loss in Q-resolution [25].

So, a combination of these two spectroscopic methods, IR (frequencies and relative peak
intensities) and INS (low frequencies and peak intensities), enables the relative proportions
and assignments of different bonding environments to be determined with a higher degree
of reliability.

2. Experimental details and data analysis

2.1. Sample preparation

The preparation conditions and properties of each of the samples studied are summarized
in table 1, and more information can be found in [9, 26, 27, 28]. For the samples prepared
using the fast-atom-beam source (FAB) the energy given is the effective source energy
and the sample densities were determined using a residual volume method. For the samples
prepared by plasma-enhanced chemical vapour deposition (PECVD) the energy values given
are mean ion energies for particles in the beam and the densities were determined by a
flotation method. The hydrogen content of all the samples was obtained by combustion
analysis and the ratios of carbon bond types are from the results of neutron diffraction
experiments [19, 20]. .

Table 1. Information on sample deposition and properties.

Method Beam H Knoop

of . Precursor  energy  Density content  splsp?:sp®  hardness
Sample deposition  gas eV) (gem™3)  (at%) CCbondst (kg mm~2)
1 FAB CHz ~500 1.8 35 0:0.4:1 ~2000 [37]
II FAB C3Hg ~500 2.0 32 “0:04:1 ~2000 [37]
I FAB CoHz ~800 12 22 0.05:0.3:1 Unknown
v FAB CgHj2 ~960 15 25 0.04:0.46:1 Unknown
v PECVD CoHy ~30 1.6 45 0.13:0.14:1 500 [26]
VI PECVD CaHa 125 1.7 34 0.14:0:1 1200 [26]
Diamond — — — 3.51 Q 0:0:1 10000 [38]
Graphite —_— — - = 2.26 0 0:1:0 . — 39
Polyethylene -— = - — - — 0.93 66 0:0:1 — [40]
Rubber — — —_ 0.96 60 . 0:025:1 —_

t Obtained from neutron diffraction data.

2.2. Infrared spectroscopy

IR measurements were performed using a Fourier transform infrared spectrometer (model
Bio Rad FTS60). Almost all of these a-C:H samples have a high reflectivity, so it was
necessary to take two different kinds of measurement for the high- and low-energy regions
of the spectrum. For the carbon-carbon stretches and CH,, deformations (low energy), the
best quality data was obtained from diffuse reflectance measurements. However, for the
CH stretch region (high-energy), photo-acoustic measurerents gave better quality spectra.

Given the intrinsic difficulties associated with any attempt to analyse IR data
quantitatively, we here concentrate on using Gaussian peak fits to the fundamental CH stretch
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factor. A more complete account of the theory is given elsewhere [29, 30]. It should be
noted that in an amorphous system such as a-C:H, there is a range of possible bonding
environments which gives rise to vibrations over a spread of frequencies.

Table 2. Frequency assignments and areas obtained from the Gaussian fitting of CH stretch
region of the IR data. (Note that where more than one Gaussian peak lies within the observed
frequency range the total area of the peaks is given.)

sp2CH sp>CHs sp>CHz (asymmetric) sp®CHz and
Vibration  (olefinic/aromatic) (asymmetric) and sp’CH sp>CH3 (symmetric)
Observed  3035-2971 2077-2958  2930-2915 2870-2858
frequency
Sample 1 1.75 4.55 14.35 14.35
Sample II 7.04 4.48 12.16 12.48
Sample III  1.32 2.2 12.1 6.16
Sample IV 2.0 1.25 16.0 10.25
Sample V. 3.52 3.08 264 11.0
Sample VI 11.9 11.9 136 8.5

Unlike in previous experiments on a-C:H [31, 32], these samples were not quenched in
liquid nitrogen before insertion into the cryostat (a procedure which in the past led to the low-
energy-transfer region of the spectra being dominated by nitrogen modes) and this enables
one to observe modes only associated with carbon and hydrogen bonding environments.

3. Results and discussion

In a detailed examination of the spectroscopic results it is more instructive to consider the
two different regions of the spectra, 3400-2600 cm™! (the CH stretch region) and 1800
10 cm™! (the CC stretch and CH, deformation region), separately to begin with; we will
then attempt to correlate the findings from both in a2 summary. Figures 1 and 2, then, show
the complete IR and INS spectra, respectively, for each of the a-C:H samples.




































