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Neutron-Scattering Studies of the Structure of Highly Tetrahedral Amorphous Diamondlike Carbon
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The structure of a-C prepared by plasma-arc deposition has been determined by neutron scattering
and analyzed to estimate the fraction of tetrahedrally and trigonally bonded carbons. The structure fac-
tor and reduced radial distribution functions are similar to those for a-Si and a-Ge, indicating a high
proportion of tetrahedral bonding. Also, the mean value of the nearest-neighbor C-C distance is close to
that of crystalline diamond and a fit to the data gives about 86% tetrahedral bonding. This form of dia-
mondlike carbon therefore appears to be the structural equivalent of a-Si and a-Ge.

PACS numbers: 61.12.Ex, 61.55.Dc

There is considerable interest in the structure and
properties of a family of materials often known as amor-
phous “diamondlike” carbon (a-DLC). Films can be in-
sulating, optically transparent, hard, and chemically inert
and applications range from protective coatings for semi-
conductor optics to blood-compatible coatings in artificial
hearts and hip-joint prostheses. Structurally, these ma-
terials are unusual in that carbon exhibits variable pro-
portions of two hybridization states— corresponding to
tetrahedral and trigonal bonding— often associated with
different concentrations of hydrogen. We report here a
determination by neutron scattering of the structure of a
form of diamondlike carbon that closely resembles the
structures of the other amorphous tetrahedral elemental
semiconductors, silicon and germanium.

The films were prepared using a filtered dc vacuum arc
technique similar to that described by Aksenov et al. [1].
An arc is struck at a base pressure of 1.3%x10 % Pa on a
graphite cathode. A magnetic field confines the arc to a
circular path on the cathode giving a plasma consisting of
neutral and ionized C, and graphite macroparticles. A
solenoidal magnetic field acting along the length of a
curved drift tube filters out most of the macroparticles
and neutral species [2]. The energy of the carbon ions at
the filter exit is around 22 eV.

A 20-30-mg specimen was prepared by repeated depo-
sition onto a glass substrate. Although minute by the
standards of specimen masses normally used in neutron
scattering, careful adjustment of the specimen in the neu-
tron beam and the excellent stability of the twin-axis
diffractometer (D4, at the Institut Laue-Langevin,
Grenoble) allowed relatively good statistics in a counting
time of 32 h. Measurements were made to a maximum
scattering vector, Qmax =47(sinfm.)/A =163 nm ',
where 26 is the scattering angle and A is the neutron
wavelength (0.0703 nm).

After applying standard corrections for container, self-
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absorption, multiple, and inelastic scattering, a pro-
nounced decrease in intensity was observed at higher
values of Q: a problem usually associated with the pres-
ence of hydrogen. Assuming that the H contribution to
the scattered intensity has a Q dependence similar to that
given by Chieux, deKouchkovsky, and Boucher [3], the H
content can be estimated by requiring that Q2[S(Q) —11]
oscillate around zero: A H content of about 11 at.% is
indicated. [S(Q) is the structure factor.] Measurement
of the H content in a 400-ug specimen was also made us-
ing microcombustion analysis [4] and gave a value of
2.5-5 at.% H; the uncertainty is large because of the
small amount of H and the limited specimen mass. As
shown later, uncertainty in the concentration of hydrogen
and the possibility of well-defined C-H correlations pro-
vide a limitation to the information available from the
scattering data. As a first approximation, however, H is
simply treated as a chemically inactive impurity and,
after subtraction of the H scattering, the resultant data
are processed as a pure C specimen. Normalization of
the differential cross section was achieved using the
Krogh-Moe-Norman [5,6] self-normalization method. A
cruder self-normalization was also used by taking the
scattering at Q =160 nm ~', an apparent node of the os-
cillations, as the sample total scattering level, an ap-
proach that directly gives a value for the (carbon) atomic
density of 1.7%10%° m 3.

Estimates of the atomic density were also obtained
from the energy E, (in eV) of the plasmon peak [7,8] ob-
served by electron energy-loss spectroscopy (EELS) at 31
eV, using E,=h(N/egm*)'2. Here, m*=0.9 is an
effective mass chosen so that EELS data for diamond is
consistent with the density p. This gives a value of the
electron density, N=6.29%x10%° m ™3 Since C and H
contribute four and one electrons, respectively, to the
valence-electron plasmon, the atomic density n can be
calculated, assuming a composition of CpgoHp ;. Thus,
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FIG. 1. (a) The structure factor S(Q) for amorphous dia-

mondlike carbon. (b) The reduced radial distribution function
G(r) obtained by Fourier transformation of QLS(Q)—1] to
Qmux=160 nm_].

dnc+ny=N =6.29%10% with nc/ny =0.89/0.11, giving
nc=153x10" m™3 ny=0.19%x10® m™ n=171
x10% m ™3, and p=3070 kgm ~3. These values are
reasonably close to the density measured by Swift [9]
(3000 kgm ~3) using an immersion technique and assum-
ing a 10% void fraction. Thus, the bulk density of the
specimen lies within 13% of the density of crystalline dia-
mond (3520 kgm %) and the atomic density is about
97% of that for crystalline diamond (1.765%10%° m ~3).

The structure factor S(Q) is shown in Fig. 1(a).
0[S (Q) — 1] data were Fourier transformed to obtain the
reduced radial distribution function G(r) [Fig. 1(b)]
without employing any modification function. Here,
G(r)=4nncrig(r) — 11 with

g =1+Qr2ncr) " " 0Ls(Q) —11sin@rdQ.

G(r) was fitted by a series of § functions at distances R;
and with weights N, corresponding to the coordination
numbers of the jth-neighbor shell. These were broadened
by Gaussians and convoluted with a real-space peak
shape function (a Bessel function Jo) corresponding to
termination of the Fourier transform at Qm.x =160
nm ~!, thus simulating the effects of truncation of the Q-
space data.

A fit to G(r) for a-DLC is shown in Fig. 2 and the
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FIG. 2. A fit to the G(r) data shown in Fig. 1(b) using the
parameters given in Table I (with nc=1.53x10% m ~3). In the
upper part of the diagram, the experimental data (dotted curve)
is compared with a sum of Gaussian contributions (solid curve)
convoluted with a peak shape function (a Bessel function Jo)
corresponding to termination of the Fourier transform at
Qumax=160 nm ~'. The lower part of the diagram (displaced by
three units) shows the sum of Gaussian components before con-
volution, and this gives a more realistic impression of the de-
tailed structure underlying G (r).

fitting parameters given in Table I. The choice of N and
o for each peak and the arbitrary division of the second
peak into component Gaussians are all strongly correlat-
ed. Tests with alternative fitting criteria suggest that the
least reliable parameters are the coordination numbers
and the o values— particularly those corresponding to the
second peak, where the positioning of the shoulder at 0.28
nm affects the detail. Results are given for two values of
nc corresponding to EELS data and the fit to the neutron
data. Experimental G(r) data for crystalline diamond,
measured under identical experimental conditions, has

TABLE I. Mean interatomic distances {r), standard devia-
tion o, and coordination number N, obtained by fitting experi-
mental G(r) data for a-DLC (nc=1.53%x10% m ~%). Figures
in parentheses for a-DLC indicate values of /V and o calculated
with n¢=1.68x10% nm ~3. Parameters for the fit to scattering
data for diamond recorded under the same experimental condi-
tions are also given. The subscripted figure is only marginally
significant.

a-DLC Crystalline diamond

{r) (nm) N o (nm) {(r)(xm) N o (nm)

0.152¢  3.93(4.26) 0.011 (0.011s) 0.153¢ 4.0 0.004;

0.211 0.22 (0.50) 0.011 (0.0115)

0.2500 8.90 (9.30) 0.016 0.252, 12.0 0.0063

0.275 2.05 (2.60) 0.014

0.296¢ 4.05 (4.40) 0.014 0.296, 12.0 0.004;

0.329;5 5.70 (6.50) 0.016

0.355,4 3.00 (3.40) 0.016 0.3557 6.0 0.004;

0.382 15.2 (16.50) 0.020 0.387; 12.0 0.004,
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also been fitted and can be used to standarize the data for
the amorphous material. The first three peaks were shift-
ed slightly (less than 0.001 nm) from literature values.

The position of the first peak (0.152¢) in a-DLC is
close to that for crystalline diamond (0.153¢). It is dis-
tinctly different from the literature value for graphite
(0.1421 nm). This is also true of the position of the
second peak at 0.250 nm, compared with 0.252, mea-
sured for diamond. These distances are insensitive (to
better than 2% 10 ~3 nm) to the various assumed material
parameters and to reasonable changes in Q,x—in con-
trast to absolute coordination numbers which are strongly
correlated with the H content and density values.

We have synthesized the detailed shape of the first
peak in G(r) using a mixture of C-C distances in dia-
mond and graphite. The fraction of graphitic C was
varied from 0% to 20% and the fraction of diamondlike,
sp>, carbon is found to be about 86%, with a lower limit
of 80%; see Fig. 3. These figures are in good agreement
with estimates based on the intensity of the 1s— 27*
EELS transition [10]. The validity of the assumption
that H is present as a noninteracting impurity is shown
by the absence of a strong (negative) contribution at 0.11
nm associated with C-H distances. Infrared absorption
spectroscopy also failed to detect any C-H bonding.

The standard deviation o) for the first-shell distribution
given in Table I includes the effect of thermal (o) as
well as static disorder (o{) arising from fluctuations in
C-C distances. The latter term can be estimated using

oi=0(c1)>— (6" or 6i=I(cy)2—(c()2]"2,

where of refers to the crystal (with no static broadening).
Thermal broadening is assumed to be equivalent in the
amorphous and crystalline phases, reflecting observed
similarities between the vibrational density of states of
crystalline and amorphous forms of Si and Ge. The value
of of is larger than that observed in either a-Si or Ge.

The second peak has been modeled by two Gaussians,
the strongest being centered at 0.25 nm. A bond angle of
110.0° £0.3° is obtained if this peak alone is assigned as
a second-neighbor distance. Taking a weighted mean of
the contributions at 0.25 and 0.275 nm leads to a bond
angle of 113°.

Accurate estimation of the absolute values of first- and
second-shell coordination numbers presents difficulties
due to uncertainties in values of several material con-
stants. On the other hand, the relative magnitude of
first- and second-neighbor contributions is reasonably in-
sensitive to the assumed material constants. The ratio
Ny/N, is 2.8 (to about 5%): Values of 3.0 and 2.0
characterize fully bonded tetrahedral and trigonal net-
works, respectively.

The structural parameters quoted in Table I distin-
guish, quite clearly, this material from others examined
recently by scattering techniques. Honeybone et al. [11]
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FIG. 3. Experimental first peak distribution, corresponding
to Fig. 1(b), fitted with a weighted sum of Gaussian contribu-
tions centered at interatomic distances corresponding to crystal-
line diamond and graphite. The dotted line represents experi-
mental data and the solid line represents the fitted curve with
14% graphitic bonding.

have measured the neutron S(Q) for a-C containing
about 30% H and find peaks in G(r) at 0.139 and 0.152
nm in the ratio 1:4 with N, =25+ 1.0 and N,=4.0+2.0
atoms. Also, Li and Lannin [12] reported neutron-
scattering data for a-C with p== 2000 kgm ~3, and find a
first peak at 0.146 nm with N, =3.34 and a bond angle of
117°.

The material examined here is more akin to other
amorphous elemental tetrahedral semiconductors, as
comparison of S(Q) or G(r) with data for a-Ge or a-Si
makes plain. The discrepancy between the ratio of NV,
and N, determined from this experiment and that expect-
ed for a tetrahedral network deserves comment. For a
fully bonded network with Ny=m, Ny=m(m —1) and
Ny/Ni=m—1. This experiment suggests that a reason-
able estimate for N would be 3.8 [13]. Comparison of
the measured first-neighbor distribution with data for
diamond and graphite indicates a predominantly tetra-
hedral network with about 14% trigonal bonding corre-
sponding to N»/N;=2.9 and m =3.9, whereas m =3.8
would imply about 24% trigonal bonding. However, al-
lowing for some broken C-C bonds due to disorder and
C-H bonding, a value for m =3.8 probably lies within the
bounds of error of the measurement.

This is an upper limit, though, based on the assumption
that the contribution at 0.275 nm is all due to second
neighbors, although some third-neighbor contribution
could be expected. Only a three-dimensional space-filling
model can give a reliable analysis, but by analogy with
Temkin’s model for a-Ge [14], about 75% of the 0.275-
nm distribution may be due to third neighbors, giving
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m=3.4. But this is excluded if all the trigonal bonds
have a bond length equivalent to graphite. A possible ex-
planation may be that a fraction of the C-C bonds possess
bond lengths close to diamond yet have the nearest-
neighbor connectivity of graphite. The suggestion is not
so radical: Compression of the graphite lattice parallel to
the hexad axis is known to lead to crystallographic trans-
formations to a hexagonal form of carbon [15]. More-
over, it has been proposed that the highly tetrahedral
structure of these films results from compressive stresses
generated by shallow implantation of C ions during depo-
sition [16]. What is suggested here is that a fraction of
the amorphous lattice may be converted to an intermedi-
ate state with one long “bridging” C-C bond at a distance
greater than 0.2 nm, and three C-C bonds that are best
described as sp > since the bond angle is close to 109° and
the length near that of diamond. [A perfect fit to G(r)
requires 0.2-0.4 atom at 0.21 nm, which may be sig-
nificant.] These suggestions are compatible with the cal-
culations of the atomic motions involved in the transition
from “rhombohedral” graphite to diamond [17], and
cross-linking between essentially graphitic layers is impli-
cit in the recent work of Tamor and Wu [18] and Gao er
al. [19] although these models imply essentially graphitic
bonding throughout.

While the experimental data are far from satisfactory
due to the limited specimen mass, we believe that the
most important result is not seriously affected by experi-
mental uncertainty. This is that the most appropriate
description of this type of amorphous carbon is in terms
of tetrahedral bonding but with a significant fraction of
the atoms having a connectivity characteristic of trigonal
bonding, as in graphite.
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