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Structural properties of amorphous hydrogenated carbon. II. An inelastic neutron-scattering study
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Inelastic-neutron-scattering experiments have been performed on samples of amorphous hydrogenated
carbon, prepared from acetylene and propane, containing about 35 and 32 at. % hydrogen, respectively.
In these hard carbons, the hydrogen is predominantly bonded to sp> carbon, with approximately equal
concentrations of CH and CH, groups. There is little hydrogen in other bonding environments, and a
small amount of H, is trapped in cages in the material.

INTRODUCTION

Amorphous hydrogenated carbon may be prepared
harder, denser, and more resistant to chemical attack
than any other solid hydrocarbon. This, coupled with in-
frared transparence over a wide energy range and con-
trollable optical gap and refractive index have led to a
wide range of potential applications.""> These properties
are reviewed elsewhere, along with current structural
models.>*

Neutron-diffraction results presented in paper I of this
series, see also Refs. 5 and 6, lead to a good understand-
ing of the amorphous network giving rise to the static
structural properties of amorphous hydrogenated carbon.
Little information, however, is provided on the hydrogen
bonding environment, besides showing that most hydro-
gen is bonded to carbon and that some CH, groups exist.
Inelastic neutron scattering has the potential to deter-
mine quantitatively the dominant hydrogen bonding envi-
ronments through a study of the characteristic vibration-
al frequencies.

The most commonly used technique for determining
the hydrogen bonding environment is infrared spectros-
copy (e.g., Refs. 7-9), which also uses the characteristic
vibrations of the CH, groups to determine which are
present. The high-resolution of infrared spectroscopy has
enabled an assignment of all possible ¢-C:H vibrational
modes.” Most work (e.g., Refs. 7 and 9) uses the areas
obtained from a multiple Gaussian fit to the C-H stretch
bands to estimate the concentrations of CH,, groups, al-
though Vandentop et al.? have used CH, and CH, bend-
ing vibrations to form an estimate of the sp3 CH,:CH; ra-
t1o.

The problem with this approach is the dependence of
the absorption intensity on a change in dipole moment
with vibrational excitation. This matrix element can only
be estimated from similar materials and may be liable to
change as the underlying amorphous network changes.
So, although using absorption coefficients from samples
of known bonding environments can lead to estimates of
the relative concentrations of the hydrogen groups, these
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are liable to be inexact.

Inelastic neutron scattering, however, does not suffer
from this problem as the observed scattering intensity is
directly related to the eigenvector of the vibration, al-
though energy resolution is not as good. The TFXA
spectrometer at the ISIS pulsed neutron source (Ruther-
ford Appleton Laboratory, UK) is well suited to deter-
mining the vibrational density of states of hydrogenated
material, as it is optimized for energy resolution, albeit
with a resultant loss in Q resolution.’® The MARI spec-
trometer, on the other hand enables the Q dependence of
the vibrational frequencies to be studied, and so provides
complementary information to that obtained on TFXA.!°

A combination of the two spectroscopic methods (in-
frared frequencies and INS intensities) enables the rela-
tive concentrations of the dominant hydrogen bonding
configurations to be determined.

EXPERIMENTAL DETAILS

Two samples of amorphous hydrogenated carbon were
prepared using a saddle-field ion-beam source.!! They
were deposited onto copper substrates from acetylene and
propane precursor gases, respectively, (as a-C:H does not
adhere to copper, this proved an excellent means of pro-
ducing the large powder samples required for neutron-
scattering experiments).

The inelastic neutron-scattering data were collected on
the TFXA and MARI spectrometers at the ISIS spalla-
tion neutron source, Rutherford Appleton Laboratory.!°
(The TFXA spectrometer generates high-intensity data
integrated over momentum transfer, #Q, whereas the
data from MARI offers a relatively high degree of Q reso-
lution.) Complementary infrared measurements were
performed using a Perkin-Elmer dual beam instrument,
for which the powder samples were diluted with potassi-
um bromide (which is infrared transparent) and pressed
into pellets.

The density measurements were performed using a re-
sidual volume technique and the compositions were
determined using a Carlo-Erba CHN combustion
analyzer. These results are summarized in Table I. Note
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TABLE 1. The precursor gas and resultant o-C:H film com-
positions and the film densities.

CH Cin Hin Number
Precursor ratio film film Density density_3
gas  in gas (at. %) (at. %) gecm™? (atoms A )
Sample 1 Acetylene 1:1 65 35 1.8 0.134
Sample 2 Propane 3:13 68 32 20 0.140

that the values given for the film densities assume a
~10% void content.

DATA CORRECTION AND ANALYSIS

TFXA data: Incoherent inelastic neutron scattering

In the incoherent approximation,'? the scattering func-
tion can be directly related to the vibrational density of
states, g (w):
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where S%(Q,w) is the self-scattering, #Q is the momen-
tum transfer, fio the energy transfer, {n, ) is the popula-
tion factor for mode of frequency w, and e 2% is the
Debye-Waller factor. A more complete account of the
theory is given elsewhere.!>!3

In an amorphous system, such as a-C:H, there are
many possible bonding environments, which give rise to
vibrations at many different frequencies. Hydrogen has a
much larger incoherent scattering cross section than car-
bon so that in the incoherent approximation, the resul-
tant can all be ascribed to vibrations involving hydrogen
motion. Due to its light mass, hydrogen vibrations are
generally of a higher frequency than those of the network
(i.e., they are not degenerate with network vibrations), al-
lowing a fully separate treatment. A further simplifi-
cation is provided by the univalence of hydrogen, which
restricts the number of local bonding environments that
need to be considered.

The CLIMAX program'* produces a least-squares fit of a
model inelastic spectrum, calculated for a user-defined
“molecule,” to the observed inelastic neutron scattering,
based on the eigenvectors of the characteristic vibrational
frequencies. Tomkinson'> and Gans'’ provide an excel-
lent introduction to the inelastic neutron-scattering
theory and vibrational spectroscopy, upon which this
program is based.

In modeling an amorphous hydrogenated system, small
“molecules” or structural units are created, which are
capable of representing all the vibrational modes of each
hydrogenated group (e.g., CH, CH,, etc.). For simplicity,
each molecule was kept as small as possible. Within each
molecule, vibrations are constructed from a set of inter-
nal coordinates (bond stretches, bends, etc.), each of
which is assigned a force constant. These force constants
are fitted to the infrared frequencies and then to the in-
elastic neutron-scattering spectrum, with appropriate
weightings being provided via this process for each “mol-

SNQ,w)=

glw), (1)

ecule.” This weighting indicates the fraction of hydrogen
in each of the model hydrogenated groups.

MARI data: Q resolved

The chopper on MARI selects the incident neutron en-
ergy, which allows the final energy and momentum
transfer to be simultaneously measured, albeit with a loss
of intensity (relative to other instruments such as TFXA).
Once corrections for attenuation, multiple scattering, and
attenuation have been applied, the dynamical structure
factor, S(Q,w), is obtained. A more detailed account of
the data analysis procedure can be found elsewhere.'® In-
tegration over Q or w ranges allows vibrational densities
of states or Debye-Waller factors to be estimated.

RESULTS AND DISCUSSION
TFXA data: CLIMAX —models and frequency assignments

The inelastic neutron scattering spectra of the a-C:H
samples can be split into two regions—a low-frequency
region ( <500 cm™!) which is dominated by the scatter-
ing from residual quantities of the liquid nitrogen used to
quench the samples and a high-frequency region (> 500
cm™!) consisting of localized CH,, stretch and bend vi-
brations (see Fig. 1).

The low-frequency region of the inelastic neutron-
scattering spectra of both samples are very similar to that
of nitrogen indicating little contribution from ¢-C:H in
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FIG. 1. Inelastic neutron scattering of a-C:H prepared from
(a) acetylene (sample 1) and (b) propane (sample 2) obtained on
the TFXA spectrometer.



olefinic CH, and sp CH. The incoherent neutron-
scattering cross section of hydrogen is much higher than
that of carbon, which means the inelastic neutron-
scattering spectrum will be dominated by scattering from
hydrogen. Additionally, the low mass of hydrogen re-
sults in C-H vibrations being of generally higher frequen-
cy than carbon backbone vibrations. Hence these vibra-
tions are independent from those of the carbon network,
enabling analysis of the hydrogen vibrational modes
separate from those of the network. (The Raman modes
associated with sp? carbon at 1400 and 1530 cm™' and
those estimated for sp® carbon'® are not seen in the in-
elastic neutron-scattering spectra.)

The dominant peaks are at 875 and 1280 cm ™!, with
additional component bands visible as shoulders either
side of the 1280-cm ™! peak. Comparison of these peaks
with Dischler’s IR assignments’ shows one possible com-
bination is the sp?> CH in-plane (1280 cm™}) and out-of-
plane (840 cm™!) bending vibrations. This, however, can-
not be the case, as the out-of-plane mode of this group
would be expected to be more intense than the in-plane
mode—contrary to experiment.

Since earlier NMR (Ref. 20) and infrared spectroscopy’
have suggested that hydrogen is predominantly bonded
to sp* carbon, consideration should be given to the vibra-
tional modes of the sp> CH, groups. Further, infrared
spectroscopy by Vandentop et al.® has shown the sp>
CH;:CH, ratio in a-C:H to be very small. This limits ini-
tial consideration to sp® CH and CH, groups.

According to Dischler,” the CH group would give rise
to a C-H bending vibration at 1370 cm ™! and C-C and
C-H stretching vibrations at 885 and 2920 cm ™!, respec-
tively. The CH, group would give rise to a bending vi-
bration at 1440 cm ™!, a twist at 1170 cm ™!, a wag at
1030 cm ™! and a rock at 700 cm ™! as well as C-C and C-
H stretch vibrations.

Models based on these assignments failed to produce a
good fit to the observed inelastic neutron-scattering spec-
trum. In particular, the theoretical intensity at 700 cm ™!
is too large and only a poor fit could be obtained to the

good fit to the experimental data (see Fig. 2) is obtained.
The frequencies used for the best fit can be seen in Table
III and are in accordance with what might be expected
from a-Si:H.?! Robertson has recently compiled an up-
dated list of vibrational frequencies and assignments for
CH, groups;* these new assignments are in agreement
with those used here.

Modeling with sp® CH and CH, groups alone shows
acceptable agreement with experiment. Further
refinement, by using small quantities of sp> CH, and sp*
CH; (less likely) groups may provide some improvement
to the overall fit to the data, but the hydrogen present in
these two environments is likely to be less than 20% of
the total hydrogen content.

Having established that the observed inelastic
neutron-scattering spectrum can be explained to a
reasonable approximation in terms of a combination of
sp® CH and CH, groups, the next step is to estimate the
relative quantities of the two groups. The results ob-
tained for the best fit to the experimental data (see Fig. 2)
are given in Table IV.

The experimental results show that there are at least as
many CH, groups as CH groups in both samples, con-
trary to what would be expected from a random distribu-
tion of hydrogen amongst carbon sites, and from the
analysis of the infrared C-H stretch vibration”? which
suggest that CH sites would dominate. It should be not-
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TABLE II. Bending vibrations of CH, CH,, SiH, and SiH,
groups.

Frequency Frequency
Assignment (Ref. 7) Assignment (Ref. 21)
CH, rock 700 cm™! SiH, rock 395 cm™!
CH, wag 1030 cm ™! SiH, wag 685 cm™!
CH, twist 1170 cm™! SiH, twist 685 cm™!
CH bend 1370 cm™! SiH bend 685 cm™!
CH, bend 1440 cm ™! SiH, bend 885 cm ™!
















