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An electron-diffraction analysis is presented of the structure of amorphous hydrogen-
ated carbon prepared from a dc magnetron glow discharge in argon-acetylene mixtures.
On the basis of the evidence provided by the reduced intensity function, the atomic radial
distribution function, and a reconstruction of the reduced intensity function based on a
graphite layer model, it is concluded that such films exhibit a threefold coordinated
structure with only slight correlation in the positions of two-dimensional layers.

PACS numbers: 61.40.Df, 61.14.Fe, 68.55.+b

Carbon films deposited from glow discharges
containing hydrocarbons are remarkable in their
apparent dissimilarity to carbon films produced
by other means, such as evaporation or sputter-
ing of graphite. They are quite transparent to
visible light and have very high electrical resis-
tivities.! These characteristics among others
have led to the conjecture®™ that such films con-
tain fourfold coordinated carbon, as in diamond.
However, this model is not universally accept-
ed.%®

It is important to distinguish between films pro-
duced with and without impact of ions during their
growth, The former may be quite hard and are
often called “: carbon,”” whereas the latter are
comparatively soft, and have been termed “poly-
meric.”® Films of both kinds have many applica-
tions; for example, as an insulating film in micro-
electronics or as a coating for fusion-reactor-
vessel wall linings.®

Here, we investigate polymeric films deposited
onto substrates at ambient temperature from a dc
magnetron'® glow discharge containing 1 Pa par-
tial pressure of argon and various partial pres-
sures (0.2, 0.8 Pa) of acetylene. We present the
results of an electron-diffraction study of the
films, both as prepared and after heat treatment
in vacuum at 500 °C. To our knowledge, diffrac-
tion techniques have not until the present time
given unequivocal information as to their struc-
ture (for a review see Anderson'!).

We obtained diffraction patterns of unsupported
fragments of film, of thicknesses 20 to 100 nm,
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in random orientation with 100-keV electrons on
photographic film and determined the intensity

I(s) as a function of s =478in6/\ using a microden-
sitometer. To assist in the interpretation, we
also obtained traces for powdered graphite and

for films prepared by dc sputtering in argon from
graphite and by evaporation in vacuum using an
electron beam gun. We define the reduced inten-
sity function as

Io(s)=1(s)/B(s) -1, (1)

where B(s) is a background representing the scat-
tering which would be observed from the same
film in the absence of any structure. B(s) con-
tains the atomic form factor and so our function
I(s) corresponds to the function #(s)/s, defined
by Moss and Gracyzk.'? We then calculate the
atomic radial distribution function

4mrA(r)=(2/m) [ "0 s1(s)exp(~as?)sinsrds (2)

using a fast Fourier-transform algorithm, Typi-
cally data are available up to s=s, of the order
of 15 A ! and so it is necessary to include a suit-
able exponential term in order to diminish the
termination effect caused by the finite data set.
The experimental variation of I(s) for the films
is shown in Fig. 1. Figure 1(a) gives a diffrac-
tion pattern for a powdered graphite sample, with
line strengths and positions for crystalline graph-
ite indicated by vertical bars. Principal reflec-
tions are labeled. Note that the (0002) reflection
observed is considerably weaker than that calcu-
lated. However, diffraction patterns obtained
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FIG. 1. The reduced intensity function as a function
of scattering vector s in inverse angstroms for (a) pow-
dered graphite with the expected positions of peaks and
their relative intensities shown up to s=9.6 A~! (princi-
pal peaks are labeled); (b) a carbon film prepared by
sputtering graphite in argon; (c) a carbon film prepared
by electron beam evaporation; (d) a ¢-C:H film as pre-
pared, with graphite reflections shown; (e) the film of
(d) after heat treatment; (f) a calculation of the reduced
intensity function for one (dotted curve) and two (solid
curve) threefold coordinated layers.

from other areas of the specimen showed much
stronger (0002) reflections, with some weaker
lines absent. This variability of the diffraction
pattern is due to preferred orientation effects
(or texturing) in the sample.

Specimens of amorphous hydrogenated carbon
films were finely divided, and diffraction patterns
were taken from fragments of unsupported film.
We have confirmed that this method of prepara-
tion almost entirely eliminates orientation effects.

The carbon film of Fig. 1(b) was prepared by
sputtering graphite on a dc magnetron containing
1 Pa of pure argon,'®'* at a current density of
15 A m™, It has a resistivity of 8,3x10"%  cm
and is dark in appearance. These properties are
consistent with the diffraction pattern, which
shows lines characteristic of microcrystalline
graphite.

The film of Fig. 1(c) was prepared by electron-
beam evaporation of graphite in vacuum, Its dif-
fraction pattern differs remarkably from that of
Fig. 1(b). Note the absence of subsidiary features
around principal maxima, and the symmetric
shape of the latter. This diffraction pattern is
analogous to that of amorphous silicon, which
has been successfully modeled by a random tetra-
hedral (fourfold coordinated) network.'>!® Kaki-
noki et al.'” have interpreted a comparable pat-
tern using a combination of threefold and fourfold
coordinated regions.

The film of Fig. 1(d) is an amorphous hydrogen-
ated carbon film prepared in 0.2 Pa of acetylene.
Its resistivity is greater than 10® @ cm. Note
the graphitic character of the diffraction pattern
with asymmetric principal maxima and many
small features coinciding with the graphite re-
flections of Figs. 1(a) and 1(b). The maxima at
the lowest value of s corresponds to the (0002) re-
flection of graphite, but is also present in the
diffraction pattern of many hydrocarbon polymers
such as polyethylene.'® We interpret this peak as
arising partly from the hydrocarbon polymers
contained® in ¢-C:H and partly from two or more
threefold coordinated layers with approximately
the same spacing as in graphite.

The diffraction pattern of Fig. 1(e) corresponds
to the film of Fig. 1(d) after 1 h of heat treatment
in vacuum at 500 °C. The subsidiary peaks cor-
responding to reflections of graphite have become
more pronounced, indicating an increase in the
size of the threefold coordinated microcrystalline
regions. The weakening of the (0002) peak is ac-
companied by the disappearance of absorption due
to CH,; and CH, groups from the infrared trans-
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mission spectrum.®

As an aid to the interpretation of the diffrac-
tion patterns of Figs. 1(d) and 1(e), we calculated
the function

1s)= 5 o SN e 2 w) 3)

for a crystallite of graphite (of side N, unit cells
in the layers and N, threefold coordinated layers
high) containing N atoms. W is the Debye-Waller
factor for carbon. The results are shown in Fig.
1(f), for N, =T and N, equal to 1 and 2, A com-
bination /(s) gives quite a good fit to the curves
for a-C:H, reproducing the relative intensities

of the major peaks, and their asymmetric shape
as well as some of the minor features. Taking
into account our remarks above attributing the
peak in the (0002) position partly to hydrocarbon
polymers, we require a low predicted intensity
for this peak from the carbon network. This im-
plies that a single layer is more common than two
two, but note that there must be a small occur-
rence of regions in which a number of layers are
spatially correlated in order to predict the re-
maining subsidiary peaks characteristic of three-
dimensional graphite.

The calculation of the radial distribution func-
tion (2) for the film after annealing (Fig. 2) is
consistent with the model of threefold coordina-
tion. The first peak in 477A(») occurs at 1,40 A,
corresponding to the first-neighbor distance in
graphite of 1.42 A. (Note that for diamond first
neighbors are at 1,54 A.) The second peak is due
in part to second neighbors at 2.46 A and also to
third neighbors at 2,84 A. Because our technique
at present does not allow us to sample beyond s
=15 A™!, the resolution of the curve is insuffi-
cient to separate the two peaks. A fourfold co-
ordinated model, in the form either of diamond
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FIG. 2. The radial distribution function 477A(7) as a
function of distance » in angstroms. The interatomic
distances of a threefold coordinated layer out to sixth
neighbors are marked.
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microcrystals®? or of a random tetrahedral net-
work, is incompatible with Fig. 2. The former
has a fourth-neighbor distance of 3.55 A, while
the latter has an important peak in the radial dis-
tribution function'®:'® at 3.26 A. Both these dis-
tances lie close to a deep minimum in the curve
of Fig. 2.

We have obtained direct evidence of the polymer
content in @-C:H, and its important contribution
to the diffraction pattern. By placing a substrate
at the entrance to the hot zone of the vacuum an-
nealing furnace, we collected a deposit of con-
densed volatile material.® We have obtained an
electron-diffraction pattern of this distilled poly-
mer. This pattern is generally similar to that of
Fig. 1(d), having three principal peaks, the two
at higher values being asymmetric. The values
of s for the three peaks are 2.1+0.3, 3.4+0.3,
and 5.6+0.5 A, The position of the first of
these peaks agrees within error with that of the
corresponding peak of Fig. 1(d), confirming that
the polymer material has a contribution to this
peak.

Films of ¢-C:H prepared in high acetylene par-
tial pressures (0.8 Pa) had diffraction patterns
very similar to that of the polymer, but after an-
nealing their diffraction patterns more closely re-
sembled that of Fig. 1(e). These observations are
consistent with polymer content in ¢-C:H which
increases with acetylene partial pressure and
decreases with annealing.

We have also deposited a film of ¢-C:H onto a
substrate maintained at a temperature of 400 °C.
The diffraction pattern of this film closely re-
sembled that in Fig. 1(d), showing that threefold
coordination persists at least up to substrate tem-
peratures of 400 °C. It is interesting that the
film prepared at this temperature was noticeably
harder than ones prepared at room temperature.

In another work,® we present additional evidence
for the predominance of threefold coordination in
annealed films. The use of optical sum rules has
enabled us to show that about 46% of the carbon
atoms in such films are threefold coordinated,
and infrared spectroscopy shows that many of the
remainder are bonded to hydrogen.

The material as prepared is likely to be two
phase as has been suggested.!® One of the phases
is a hydrocarbon polymer containing CH, and CH,
groups, the other a carbon-rich network contain-
ing microcrystalline regions of threefold coordin-
ated layers.
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