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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 suScient 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.

I¹RODUCrrON

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 -CHz-chains) at one extreme
and graphitic (high sp content, low hydrogen content) at
the other. Polymeric a-C:H Slms 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. 6-8, the structure of
these materials at the atomic level is not fully understood;

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. ' ' ' 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 sp:sp ratio, as these two carbon
bonding environments lead to vastly diferent physical
characteristics (e.g., diamond and graphite). Of the stud-
ies carried out hitherto the results have given sp:sp ra-
tios varying between 1:2 and 2:l, 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 impar-
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-diff'raction 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
diff'erent forms of a-C:H have been published ~'6 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-

gen binding environment still further and this is sugges-
tive of the overall nature of the network structure. Paper
III 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 1.4X10 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 2000Hk
have been measured' for these materials (cf.
6000—11 000Hk for diamond }, although hardnesses
greater than 6000 Hk 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 I.

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-Sight (toff. 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 28) 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.

Sample 1

Sample 2

Precursor
gas

Acetylene
Propane

C:H ratio
in gas

1-4

C in film

(at. %)

65
68

H in film
(at. %)

35
32

Density
(gem )

1.8
2.0

Number
density

(atoms A )

0.134
0.140
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F(Q)=pc b +pc, b c&b&[S &(Q) 1], —
a aP

(2)

where c and c& are the atomic fractions, and b and b&
are the neutron coherent scattering lengths, respectively,
of elements a and P, and S,&(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)=g [c c&b b&g &(r)],
aP

(3)
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FIG. 1. A schematic representation of the experimental ar-
rangement.

surements are required: the sample, the empty sample
container, a background in the absence of sample, and a
vanadium rod having a geometry which is comparable to
the sample and its container. The vanadium rod mea-
surement supplies the information necessary to put the
sample scattering on an absolute scale since its neutron
cross section is almost entirely incoherent, and is well
known. ' Figure 1 shows a schematic representation of
the experimental arrangement.

In performing a difFraction experiment, the quantity we
wish to obtain is the structure factor S(Q), where, for an
amorphous material (i.e., an isotropic scatterer): '

S(Q)=1+ I r dr[g(r) —1]sin(Qr),
0

where p is the average number density of atoms in the
material, fQf = (k; —kf [ is the wave-vector transfer asso-
ciated with the diffraction experiment —which for
scattering from a liquid or amorphous solid is defined as

Q =(4m /iL)sine, where 28 is the scattering angle and A, is
the neutron wavelength —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 be obtained by Fourier transfor-
mation of the structure factor, which is directly related to
the measured neutron-scattering intensity.

In a multicomponent system there are contributions to
the total structure factor from each atom-type pair. For
a binary system such as a-C:H, we therefore have three
terms which are weighted to give the total structure fac-
tor F(Q), such that

TABLE II. Normalized weighting coeScients for the partial
structure factors and pair-correlation functions [see Eqs. {2)and

{3)].Units for b are fm, cc+cH=1.

C-C C-H H-H

Sample 1

Sample 2
1.27
1.85

—0.38
—0.98

0.11
0.13

where g &(r) represent the partial terms in G(r). From
the weightings for the individual terms in the structure
factor and the pair-distribution function given in Table
II, it can be seen that the dominant terms will be those
arising from the carbon-carbon and carbon-hydrogen
correlations. (Note that the carbon-hydrogen term is
negative due to the n phase shift experienced by a neu-
tron on scattering from hydrogen; it must also be
equivalent to the hydrogen-carbon correlation term. )

DATA ANALYSIS

Before obtaining the F(Q) several corrections need to
be applied to the data, the major ones being for back-
ground, container, and multiple scattering, attenuation
and the effects of inelasticity. Full details of these may be
found elsewhere. ' For hydrogenous materials the in-
elastic scattering correction (i.e., the method by which
account is taken of the deviation from 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 do not cope well with low-mass nuclei).
The inethod works well for the data at Q) -2 A
however, for the region below Q -2 A it 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.
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RESULTS AND DISCUSSION

Figures 2 and 3 show the F(Q) and G(r) resan r, respectively,
or samp es 1 and 2. These may be compared to the

neutron-diffraction data of Gask 11 l.e et a . on mass-
selected, ion-beam (MSIB) rod d " hpro uce amorphous dia-
mond:" their small sample having a ver low h dry ow y rogen

hat the correlation functions differ
significantly in detail is of little surprise given the ver

eposition conditions, hydrogen content, etc. ,

'
en e very

ison.
and there is little point in attempting a detailed compar-

The LAD diffractometer is particularly well-suited for
the study of covalently bonded amorphous materials, and
the exceptional real-space resolution of this d 11

oo in detail at the carbon bonding environments
ee, e principal pointwithin the random network. Indeed th

'
1

to ma e at this stage is that the carbon-carbon point-shell
e ow r si e: it is there-peak has a distinct shoulder on the lo 'd

ore possible to separate out the relative co t 'b t' f
e ouble and single bonds in the network structure in a

quantitative and direct way. From th
' d' 'bm e pair-distribution

function G(r), we obtain the radial distribution function,
r, where J(r) =4nrpG(r). , which is a measure of the

number of atoms at a given radial distance, and which
can then be fitted with a series of Gaussians (see Fig. 4),
allowing position and area to float. By this method, accu-
rate values for the bond lengths and coordination num-

ers ave been obtained and these are given in Tables III
and IV for the two samples. Also, for comparison, some
of the known bond lengths for carbon and hydrogen are
given in Table V.

Now, with such high-resolution data it
' 'bli ispossi e togo

urt er than the straightforward assignments given in the
tables. There is a clear indication that molecular hydro-
gen is present in both samples in relatively small quanti-
ties and this has been confirmed by inelastic neutron-
scatterin exering experiments. Also the carbon-carbon bond
length in both cases is slightly less than that associated

50

with saturated carbon-carbon in diamondiamon, w ic is con-
sistent with the proximity of sp carb tr on a oms to the sin-

g e bond. Again in both samples, an unsaturated
is o served which,carbon-carbon bond length of 1 34 A
'

b
ecause of its exact correspondence with the bond length

associated with olefinic carbon, would indicate that most
o t e sp carbon present is the olefinic and not the
aromatic/graphitic form. The residual h
s ow that the fits obtained using peaks at the bond dis-
tance associated with olefinic sp carbon-carbon bonds,

-1.42 A

—. 4 A& are better than those obtained h k
corresponding to graphitic/aromatic sp

carbon-carbon bonding is used.
More information can be gained from the Gaussian

tting process concerning the proportions of sp and s
carbon-atom types. Assuming all the carbon atoms are in

p or sp ybridized states allows us to describe
the mix of atom sites in the following form:

{sp'j+{sp'j+Ih j =1,
where {sp j, {sp j, and {h j are the atom fractions of sp3

hybridized carbon, sp hybridized carbon and h dr
respectively. If r +1 is the number of unsaturated bonds
per sp hybridized carbon atom (i.e., r =0 for olefinic,
r = for aromatic, and r =2 for graphitic carbon atoms),
it is possible to obtain a ratio of saturated to unsaturated
carbon bonds, which is the same as the ratio of the
-1.34 A:-1.52/3 A peak areas:

0

area of —1.34 A peak unsaturated bonds

area of —1.52 A peak saturated bonds

(I+r){sp j

4{sp'j+(2—r){sp2j —{h j

Howevwever, in this case where we may assume that, to a
very good approximation all the sp carbon-atom types

2. 5

1 ~ 5

0. 5

FIR. 2. The structure factors
for sample 1 (a) and sample 2 {b).

0

—0. 5

10 20
Q (A-')

25 30 35 40
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ths and coor inad tion numbers foBLE III. Bond leng s
am from the neutron data.Sample 1 derived from

n ths and coordlnatlon nu mbers forTABLE IV Bond lengths an
S le 2 derived from the neutron data.

Peak position
(+0.01 A)

0.88
1.03
1.34
1.52
1.7-2.2
-2.5

Peak area
(+0.3 atoms)

0.84
0.18
0.84
2.17

Assignment

H-H
C-H and H-C

C=C
C-C

H-C-H and C-C-H
C-C-C

Peak position
(+0.01 A)

0.86
1.06
1.34
1.53
1.7-2.2
-2.5

Peak area
(+0.3 atoms)

0.41
0.16
1.12
2.64

Assignment

H-H
C-H and H-C

C=C
C-C

H-C-H and C-C-H
C-C-C

:H materialsated, aat least for t ehe family of a-C:H
les discussed here.xem

fth dt hihr two aspects o e
ment. There is a genera

asso-1't'b tio fof any pair- is rip yp
stem as structura y c

hich1 bt
h hi h 1-

tml 11 11

another in r space. e

1 btth o 1 bt
chieved in t is s u

enbl o signi g(gi )-y
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P o
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f
e
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the G(r) become less
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quenc
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est r values ( (—

g
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'
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TABLE V. Bond lengths and atomic distances of carbon and
hydrogen.

sp

sp

sp

sp

sp

sp

sp

sp

sp

sp

C-C
C-C
C-C
C-C
C-H
C-H
H-H

H-C-H
H-C-H
C-C-H
C-C-H

Diamond
Graphite
Benzene
Ethene
Methane
Ethene
Hydrogen

1.54 A
1.42 A
1.3954 A
1.34 A
1.09 A
1.07 A
0.75 A
1.80 A
1.90 A
1.95 A
2.16 A

present (see paper IV): these have been observed as weak
features in infrared work on our samples to be pu j.s e .
This has, however, no material impact on our con-
clusions.

We are also able to provide qualitative statements con-

Sample 1

Sample 2
0.16
0.13

0.49
0.55

2.6:1
2.4:1

cerning the nature of the correlations beyond the first
coordination shells. For both samples, there is a small
peak at 1.9 A which requires some explanation. This is
possibly the result of a convolution of the large carbon-
carbon second-shell neighbor peak at -2.5 A wit a
"negative feature" at 2.16 A due to an sp carbon-

b -h drogen second-shell correlation; it is more like-car on- y r
1 however that it arises from an sp or sp y
carbon-hydrogen second-shell correlation w

'
hich would

be expected at —.d —1.8-1 9 A}. Indeed, if short chains of
sp CH2 exist as suggested by our NMR data (paper III,

TABLE VI. Carbon bonding environments for a-C:H deter-
mined by neutron di8'raction.

[sp') (saturated) Isp'I (unsaturated) C-C:C=C ratio

18

16

12

10

15

~llll~l ~ II I I ~ I ~

~ ~ ~l ~ I I ~ I I I ~ I ~ I

0 ' 5 1.5
r (Angstroms)

2 5

FIG. 4. The total peak fits

(+) to the experimentally de-
rived radial distribution function
for sample 1 (a) and sample 2 (b),
showing Gaussian components
for the carbon-carbon peaks
( ———)

10

0 I ~ I ~ I ~ I ~ III ~ ~ ~ II
0 ~ ~ \ ~I ~ ~

0.5 1.5
r (Angst roms )

2. 5
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then an associated H-C-H correlation may also appear at
higher r values and (wholly or partially) cancel any
negative-going C-C-H feature. Further experiments us-
ing H/D isotopic substitution will yield much clearer in-
formation on these questions (this work is now under way
and will be reported in due course) as does our NMR
data.

Using the carbon-carbon second-shell peak centered at
2.5 A, it has been possible to generate a carbon bond an-

gle distribution which shows a principle peak centered on
the tetrahedral angle, but extending towards 120'; precise
statements cannot be made because the broad 2.5-A peak
has contributions from several carbon-carbon-carbon
correlations.

We can return to a qualitative comparison of these re-
sults with those for the MSIB form of amorphous car-
bon. 3' Their sample, with its high sp carbon content
shows a single first-shell peak very close to the diamond
distance, albeit somewhat broader. Gaskell et al. do,
however, note a slight inconsistency in first- and second-
shell coordination numbers and propose a "new" form of
carbon, intermediate between sp and sp . However,
the work assumes that all sp carbon is in a graphitic en-
vironment; our results, although on rather different sam-
ples, auld seem to suggest that this may be a poor ap-
proximation for low sp concentrations. Their discrepan-
cy between the first- and second-shell coordination num-
bers is reduced without the need to invoke this "new"
form of carbon if the sp carbon is assumed to be all
olefinic. Also we have not yet found a satisfactory
method for obtaining accurate second-shell coordination
numbers, since the second-shell peak has a number of
contributory carbon-carbon-carbon correlations.

Although the carbon-carbon peak areas and the
single:double bond ratios are the same for the two sam-
ples, within the experimental error, there are difFerences
between them which, to some extent, indicate the effects
of changing the precursor gas. Fourier transformation of
the low-Q data, for instance, shows that there is weak

medium-range ordering in both samples, although the de-

gree of order is higher for sample 1 (acetylene precursor)
than for sample 2 (propane precursor). From Fig. 3 it
can be seen that the feature associated with the C=C
bonds is more pronounced for sample 2 than for sample
l. Also, thehigher hydrogen content of the precursor gas
for sample 1 compared to that from which sample 2 was
prepared, is reflected in the area of the H-H peaks (see
Tables III and IV). However, before any detailed con-
clusions can be drawn from neutron-diffraction data, the
effect of the precursor gas needs further investigation
with an increased variety of gases and/or the use of H2
dilution. NMR work on these samples (see paper III
does pick up quite clear differences between them also,
and it is suggested that at least some of the residual
differences between experiment and MD simulation arise
from the analogous fact that the starting configuration in
the MD work comprises separate carbon and hydrogen
atoms at low density and high temperature. This latter
point is the subject of further discussion in paper IV.
Also, small-angle x-ray-scattering measurements are al-
ready underway to investigate the presence of voids.

CONCLUSION

The high real-space resolution results presented here
show that the carbon sites in hard a-C:H are predom-
inantly sp hybridized, even in intermediate hydrogen
content samples. The single:double bond ratio is shown
to be -2.5:1. Furthermore, the unsaturated C=C bond
distance of 1.34 A is too short to be aromatic or graphitic
in character and corresponds very closely to the olefinic
bond distance. This implies that current models for the
structure of a-C:H, which rely on large aromatic carbon
clusters, need revision. Additional data, based on the use
of H/D isotopic substitution, are required before a more
detailed study, at the partial correlation function level,
will be possible.
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