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The results of neutron-diffraction experiments performed on two samples of amorphous CN, , with nitrogen
concentrations of 5 and 30 at. %, prepared by a combination of filtered cathodic arc and Kaufman-type ion
source, are presented. Increasing the N content of the samples is seen to cause a decrease of the average bond
length and the first coordination number. An increase in the average bond angle from 113° to 121° is also
observed. The pair-distribution functions indicate that N incorporation results in some transformation of sp> C
sites to sp? sites, but there is no evidence for N inducing the formation of crystalline graphitic clusters, and the
overall structure remains amorphous. A direct subtraction of the two data sets emphasizes the loss of sp* bonds
and the increasing sp? character of the higher-N-content sample, and shows the occurrence of a variety of
bonding environments for N. More limited information on second neighbor correlations involving N is also

revealed. [S0163-1829(97)04346-4]

INTRODUCTION

Carbon nitride materials have been a subject of consider-
able attention since the theoretical work of Liu and Cohen
suggesting B-C;Ny as a hypothetical structure exhibiting at-
tractive physical properties.! Further investigations with re-
fined methods have shown that there are a variety of other
crystalline structures, with different elemental compositions,
which may have a similar structural stability.>* However,
only a few authors have reported the experimental synthesis
of crystalline carbon nitrides*™® and in the majority of the
studies films with nitrogen contents significantly lower than
50 at. % and with a disordered structure have been found.”!!
It is necessary to distinguish between hydrogen-free a-CN,
films and hydrogenated a-C:N:H, the latter being obtained
when using a hydrocarbon precursor; as in most chemical
vapor deposition techniques.'> Amorphous CN, materials
have interesting properties and a consequent range of poten-
tial applications—e.g., in the field of electronic materials, or
wear protective coatings for magnetic storage devices.!>!* In
these cases, the nitrogen content in the films studied ranges
from less than 1 at. % to about 30 at. %.

The investigation of physical properties of CN, has cov-
ered chemical composition, microstructure, electronic, opti-
cal, and mechanical properties, but there is only limited
knowledge on the atomic-scale structure. In fact, direct in-
formation on the atomic arrangement is needed for reliable
interpretation of data from analysis techniques, e.g., infrared
(IR), x-ray photoemission spectroscopy, or Raman spectros-
copy.
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Diffraction experiments provide an opportunity to obtain
direct information on interatomic distances and on the aver-
age numbers of atoms in each coordination shell. Thus far,
for CN, materials these have been mainly limited to electron
diffraction.'>'® Neutron diffraction however, has the advan-
tage that the scattering is from the nuclear centers and may
be described within the first Born approximation, and that
the interference function (or structure factor) derived from a
neutron-diffraction experiment may be placed on an absolute
scale: the data are fully quantitative. The instrument D4b
(at the Institut Laue-Langevin, Grenoble, France) is ideally
suited to looking at very small samples of amorphous mate-
rial due to the high neutron flux and the excellent instrument
stability.

We present here neutron-diffraction data collected for
CN, materials and use the information from the data to dis-
cuss the bonding environments of N within the network.
Two samples have been selected, one with 5 at. % N and one
with 30 at. % N, denoted CNO5 and CN30, respectively. A
full analysis of the data is presented, giving interatomic dis-
tances, bond angles, and coordination numbers for the two
samples. The effect of N incorporation on the overall atomic-
scale structure of the samples is also examined. These data
are discussed in the context of previous experimental studies
by other workers on similar materials.

EXPERIMENTAL DETAILS

The samples were prepared by thin-film deposition using
a filtered cathodic arc. The arc discharge was operated with a
cathode made from high-purity graphite; the carbon plasma
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TABLE 1. Preparation and compositional information on the
two samples. For carbon (C*) a mean ion energy was determined
using a retarding field analyzer.

Number

Deposition energy N Content Density density

Sample (eV) (at. %)  (gem™3) (atoms A~3)
CNO5 C*~20 5 2.7 0.13
CN30  C*"~20; N7 ~200 30 2.0 0.10

produced is highly ionized. A magnetic filter was used in
order to separate macroparticles (of graphite) from the flux
of film forming particles. Nitrogen could be incorporated
into the growing film either by introducing a nitrogen gas
flow into the deposition chamber, or by bombarding the sub-
strate with a nitrogen ion beam from a Kaufman-type ion
source—which proved necessary in order to obtain films
with higher N contents, i.e., up to 30 at. %." We have pre-
pared two samples, one with the nitrogen gas flow only and
one with the Kaufman ion source operated at 200 V beam
voltage. The gas flow rates were 8§ SCCM and 3 SCCM
respectively, yielding a total pressure of 0.02 and 0.01 Pa.
For the nitrogen supply a special gas mixture with 10% of
the >N isotope was used to facilitate complementary NMR
studies on the same samples. The substrates were held at
room temperature by means of a water cooled substrate
holder that was connected to ground potential. Ton current
densities at the substrate have been measured prior to depo-
sition for the cathodic arc plasma j., and the Kaufman ion
source j; the measured values were j -~ 1.5 mA cm™? and
Jja=~0.25 mA cm ™2,

Powder samples are required for the neutron-diffraction
experiments: we therefore had to remove the film from the
underlying substrate, and to collect the material from 10
deposition runs. Applying a standard procedure from micro-
electronics technology, silicon wafers coated with photore-
sist were used as substrates; following film deposition the
photoresist was dissolved in acetone and the CN, material
fell off the substrate as flaky powder. Repeated rinsing with
high-purity acetone was carried out to ensure no residual
photoresist contamination. The material from several films
prepared under identical conditions was collected and after
vaporizing a small volume of remaining pure acetone, the
CN, powder was left. Approximately 80 mg of each sample
was obtained.

Information on the chemical composition and the mass
density of the samples was inferred from elastic recoil detec-
tion analysis (ERDA) on films deposited onto silicon wafers
under identical conditions. A summary of the characteristics
of the two samples is given in Table I, and further data can
be found in Ref. 17. ERDA yields hydrogen content values
well below 1 at. %; however, when processing the neutron-
diffraction data it was necessary to assume a slightly higher
H content of approximately 5 at. %.

The neutron-diffraction data presented here were col-
lected using the D4b twin-axis diffractometer'® at the reactor
source at the Institut Laue Langevin, Grenoble (France). The
scattered-neutron intensity is measured using a pair of 64
wire proportional 3He detectors scanning a scattering angle
range from 260=3°—-138°. The incident neutron wavelength,
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as determined from a nickel standard calibrant, was 0.7026
A, which gives a corresponding O range of 0.47—16.7 A~!
(the data are truncated by a small amount during the analysis
procedure to 14.5 A~! due to the polynomial fitting). This
instrument was chosen because of its excellent stability and
the high neutron flux generated by the reactor source, which
is especially important for these samples because at ~ 80 mg
they are extremely small. The powder samples were held in a
thin walled vanadium can with a diameter of 5 mm. For each
experiment measurements are required for the sample, the
empty sample container, a background without sample or
container, and a vanadium rod of comparable geometry to
the sample and container. The vanadium rod measurement
allows the sample scattering to be put on an absolute scale,
since vanadium has a well-known, and almost entirely inco-
herent, scattering cross section.'’

In a neutron-scattering experiment the aim is to determine
a structure factor S(Q), by measuring the differential scat-
tering cross section

do
75 S(0). (1)

0=|Q|=|k;—k;| is the wave vector transfer associated with
the diffraction experiment—for elastic scattering Q
=(47/N\)sinf, where 26 is the scattering angle and \ is the
neutron wavelength. For an amorphous material (i.e., an
isotropic scatterer)'® we then define the pair correlation func-
tion g(r), where

1
27%rp

glr)=1+ JO O[S(Q)—1]sin(Qr)dQ.  (2)
p is the average number density of atoms in the material and
g(r) is a measure of the atomic density at a distance » from
a given origin atom. The pair correlation function may be
obtained by Fourier transformation of the structure factor,
which is directly related to the measured neutron-scattering
intensity. For a binary system such as CN,., there are contri-
butions to the total structure factor from each atom-type pair,
i.e., there are three independent contributions that are
weighted to give the total structure factor. The total pair
distribution function G(r) is a weighted combination of the
partial pair distribution functions and is defined (according to
the Faber-Ziman fomqalismw) as

D [Cucpbabpgap(r)]

ap

G(r)= 3)

e

@

where c,, is the atomic fraction, and b, the coherent scatter-
ing length, respectively, of element «; and where g,z(r)
represents the partial terms in G(r) and describes the prob-
ability of finding an atom of type $ at a distance » from an
atom of type « at the origin. The normalized weighting co-
efficients for the partial pair-correlation functions are given
in Table II.

Several corrections need to be applied to the raw diffrac-
tion data before a structure factor can be generated. The ma-
jor corrections are for background, container, and multiple
scattering,20 attenuation,”! and the effects of inelastic



56 NEUTRON-DIFFRACTION STUDIES OF AMORPHOUS ...

TABLE II. Normalized weighting coefficients for the partial
structure factors and pair correlation functions [see Eq. (3)]. Units
for b are fm, c+cy=1.

Sample c—C C—N N—N
CNO5 0.870 0.126 0.004
CN30 0.397 0.500 0.158

scattering.** Details of the correction procedure for the data
presented here are given in Ref. 23. For these two samples it
was found that the inelastic contribution to the scattering was
small and could be corrected simply by fitting a low order
polynomial through the data. The source of the inelastic scat-
tering is the small amount of hydrogen in the samples: for
the purposes of the data analysis a H content of 5 at. % was
assumed for both samples. Also, when Fourier transforming
the structure factor to obtain the pair-correlation function, an
Fmin cutoff was applied. This is a variation on Fourier filter-
ing in which a distance r;, is defined as the shortest bond
length that is physically reasonable and it determines the
start of correlation features in the G(r).>* From the pair-
distribution function G(r), we obtain the radial distribution
function J(r), where

J(r)=4wr’pG(r), 4)

which is a measure of the number of atoms at a given radial
distance. J(r) can then be fitted with a series of Gaussians,
allowing position and area to vary and by this method accu-
rate values for the bond lengths and coordination numbers
can be obtained.

RESULTS AND DISCUSSION

Figures 1 and 2, respectively, show the total structure fac-
tors and pair-correlation functions obtained from the
neutron-diffraction experiments, for the two samples de-
scribed above.

Looking first at the S(Q) data, there are some obvious
differences between the two data sets. At ~2 A~ ! the shoul-
der that is apparent in the data for sample CNOS, becomes a

S(Q) (bams per atom per sterad.)

0.6 L L

6 .
Q (A"

FIG. 1. The total structure factors, S(Q), for the two samples
obtained after correction of the neutron diffraction data: CNO5
(solid line) and CN30 (dashed line).
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FIG. 2. The total pair correlation functions G(7), for the two
samples obtained by Fourier transformation of the total structure
factors: CNOS5 (solid line) and CN30 (dashed line).

well-defined peak for the higher N content sample CN30.
However, the emergence of a peak at this position is accom-
panied by a decrease in intensity of the next peak at
~3.5A7!. The change in the relative intensities of these
two peaks with N concentration implies that the nature of the
short-range bonding in the network changes when more N is
incorporated. Although it is not possible to make specific
bond assignments to this Q-space data, these changes may be
due to the increased sp? nature of the CC bonding in the
higher N content sample, which is seen in the real-space data
and will be discussed shortly. For both samples the main
peak in the data is at ~5.3 A~!. From 5 at. % N to 30 at. %
N this peak shows a small shift in position towards a higher
O value, together with an increase in width and a small de-
crease in height. More subtle changes can be seen in the
series of double peaks in the region ~7—-12 A~!. As the N
content is increased, the first of these peaks becomes smaller,
whereas the second shows an increase in relative intensity.
There is also a small shift in the positions of both peaks
towards higher O values in the data for CN30. Finally, at the
end of the range of the data, there is a partial peak that looks
to be at a higher Q value in the higher N content sample. For
sample CN30 it also appears that the intensity of this peak is
lower. The data presented here should be compared to those
of Gilkes et al.® for filtered cathodic arc-deposited za-C,
collected at the ISIS pulsed neutron source (Rutherford
Appleton Laboratory, UK). The features in the fa-C data are
similar to those seen in CNOS5, although the first two peaks
are sharper, which is consistent with the highly ordered tet-
rahedral network in the ta-C material.

Although the differences between the S(Q) data for our
two samples are large, it is necessary to look at the Fourier
transformed data, G(r) in order to understand what they
mean in terms of structural changes.

The G(r) data in Fig. 2 shows three features at ~1.5,
~2.5, and ~3.7 A and a broad peak centered at ~4.7 A,
Precise peak positions are obtained from Gaussian fitting to
the radial distribution functions J(r), which are shown in
Fig. 3, together with the Gaussian components used to obtain
the fit. The bond lengths and coordination numbers deter-
mined from the Gaussian fitting are given in Table III. All
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FIG. 3. The total peak fits (+) to the experimentally derived
radial distribution function J(7), for sample CNO5 (a) and sample
CN30 (b), showing the Gaussian components (----).

three of the main G(7) peaks show a shift in position to-
wards lower » values for CN30 compared to CNOS5, and this
is reflected quantitatively in the results shown in Table III.
The average first-neighbor distance, for example, is 1.52 A
in CNO5 and is 1.43 A for CN30. However, note that within
the experimental errors, the width of this first peak remains
constant. A similar shift in nearest-neighbor distance has
been observed by Davis et al.'® in electron diffraction from
CN, films prepared by filtered cathodic arc deposition: at 1%
dopant concentration the distance was found to be 1.54 A,
compared to 1.43 A at 15% dopant concentration. To some
extent, this shift to shorter average bond lengths is simply
due to the incorporation of CN bonds in the network—on
average these are shorter than CC bonds. Note that we men-
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FIG. 4. The difference J(r), evaluated from the subtraction of
the first two fitted Gaussian peaks for the samples, CN05-CN30.

tioned previously the possibility of the samples being con-
taminated with up to 5 at. % H. This would result in features
in the G(r) at 1.1 A (C—H, negative) and at ~ 1.8 A (CCH,
negative and HCH, positive). In neutron-diffraction data for
a-C:N:H samples containing ~20 at. % H (Ref. 26), a clear,
sharp dip at 1.1 A can be seen, however the second-neighbor
correlations at ~ 1.8 A are broad and undefined. Tn the data
presented here for amorphous CN,. samples, there is no evi-
dence for C—H bonds at 1.1 A, which implies that the H
contamination is too small to give an observable contribution
to the G(r) distribution. Also, since this first-neighbor fea-
ture is usually stronger than those for second neighbors, we
can conclude that contributions to the G(7) from CCH and
HCH correlations will be negligible. Therefore, the data in
Fig. 2 and the conclusions drawn from it will be unaffected
by H contamination of the samples.

For further evaluation of the structural differences be-
tween sample CNO5 and CN30, the first Gaussian fitted to
each of the J(r) functions was taken as a measure of the first
coordination sphere. The difference between these two dis-
tributions comprises information on changes in bonding con-
figurations, i.e., negative features are associated with bond
types that are removed when 30 at. % N is added, whereas
any increase in bond types will generate positive features in
the difference function. Figure 4 shows the shape of the dif-
ference function and the areas of the negative and positive
contributions. It should be noted that differences due to CC
bonds replaced by CN bonds with similar bond lengths are
not visible, since the resolution of the data means that it is
not possible to distinguish between the elements. Thus, in the
CN30 sample there are significantly fewer first-neighbor at-
oms with bond lengths typical for sp* carbon bonds than in

TABLE III. Results of the Gaussian fitting of the radial distribution function, J(r).

Average
N First neighbor First neighbor Second neighbor CCC bond
content peak position peak area peak positions angle
Sample (at. %) (*£0.01 4) +20% (atoms) (*0.01 A) (*+2°)
CNO5 5 1.52 3 1.98 2.54 113
CN30 30 1.43 1.89 249 121




56 NEUTRON-DIFFRACTION STUDIES OF AMORPHOUS ...

TABLE 1V. Some of the tabulated bond distances for carbon
and nitrogen in organic compounds (Ref. 41).

c—C Diamond 1.54 A
C~C Graphite 142 A
C~C Benzene 1.399 A
Cc=C Ethene 1.34 A
c=C Acetylene 1.203 A
C—N Aziridine 147 A
C=N Pyrazole 133 A
C=N Furazan 1.30 A
C~N Pyridine 1.34 A
C=N 1.14 A
N—N Pyrazole 137 A
N~N Pyridazine 1.30 A
N=N 1.24 A
N=N Azides 1.12 A

the CNO5 sample. In the region below ~1.35 A, a slightly
higher number of bonds is observed for CN30 than in CNOS.
Clearly, this is attributed to the presence of various types of
CN bonds. Table IV gives some of the tabulated values for
CN, CC, and NN bonds. At distances below ~1.35 A, pos-
sible contributions could be from C=N (~1.14 A), C=N
(~1.30A), and aromatic C~N (~1.30—-1.36 A) bonds.
Also, further possibilities are sp! C=C (~1.18 A) and
N=N (~1.24 A) configurations, although there is only a
small probability that these will occur. It would also be rea-
sonable to assume the existence of C—N single bonds
(~1.35-1.39 A), although these cannot be resolved because
of their similarity to sp> CC bond distances. In experimental
data for other CN, samples,”’ > sp' C=C bonds have not
been observed, so we may assume that they are probably not
present in our samples in significant numbers. This leads us
to conclude that sample CN30 contains significant numbers
of C=N and C=N bonds. Both types of bonds have been
observed in other experimental data,”* 3% as have C—N;
however until now, it has not been possible to determine the
relative numbers of each bonding type since fully quantita-
tive data is required.

These results show that adding N to the network not only
creates CN bonds, but also precipitates a conversion of sp>
C—C bonds to (olefinic/graphitic) sp?> C=C bonds. This
change is also apparent when we consider the average bond
angles given in Table III. There is a considerable change in
bond angle in going from 5 at. % N to 30 at. % N. At the low
N concentration, the CCC bond angle is 113°, which is simi-
lar to values obtained by Davis ez al.'® for 1% N doping. For
ta-C, values of ~109° are observed.'®? At 30 at. % N
(sample CN30). the average CCC bond angle is 121°, which
is close to the value in crystalline graphite (120°) and the
same as that for 15% N dopant concentration.'”> A similar
effect has also been observed in the hydrogenated a-C:N:H
material. ?® Indeed, there is now much experimental evidence
to support the claim that doping with N induces a change in
the CC bonding character to be more graphitic (see, for ex-
ample, Refs. 15, 16, 30, 34-36).

We now focus on the nature of the disorder in the struc-
ture. From Fig. 3, the widths of the near neighbor peaks for
CNO5 and CN30 are the same, but there is an increase in
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intensity in the high N content sample at ~2.0 A, between
the first two main peaks. This is also observed in electron-
diffraction data.!> A peak at this distance will be due to
second-neighbor correlations, although a specific assignment
is not possible. Therefore, the following discussion on the
origins of this feature is necessarily speculative.

As we have seen, the addition of 30 at. % N not only
introduces CN bonds into the network, but also causes the
CC bonding environment to change from sp* C—C to pre-
dominantly sp? C~C, which makes it more difficult to pin-
point the source of this ‘‘intermediate’’ peak. If we use a
first-neighbor distance of 1.2 A, then the bond angle for this
intermediate distance comes out at 112°. If we use a first-
neighbor distance of 1.43 A, this gives a bond angle of 89°,
and halfway between the two first-neighbor distances results
in a bond angle of 99°. These three first-neighbor distances
correspond to NCN, CCC, and NCC correlations, respec-
tively. Since we have already established that the dominant
bonding environments for N are C=N and C=N, then we
expect that there will be few NCN correlations in the net-
work. Also, 89° is far too small a bond angle for physically
reasonable CCC correlations, and we know from other dif-
fraction data®®>7 that the peak at ~2.5 A is assigned to CCC
second-neighbor distances. This leaves NCC correlations.
The bond angle is smaller than would be anticipated, but is
perhaps more reasonable given the strained nature of the net-
work structure.***® Recently, Marks ez al.>® have published
theoretical studies giving four-membered rings with bond
angles around 90°, for which evidence from organic chemis-
try is used. However, the chemical ring formations cited,
namely, cyclobutane and cyclopentane, are both hydroge-
nated systems. Another possibility is that this correlation fea-
ture at ~2.0 A arises from three atoms which are not all
connected, e.g., a dangling N from C=N bond close to an-
other C atom. In this example, only two of the three atoms in
the CNC bond angle are actually bonded, but the three atoms
together produce a second-neighbor distance of ~2.0 A and
a corresponding bond angle ~90°. The addition of N is
reported to affect the void structure of the material,>* and it is
feasible that this or a similar atomic arrangement could arise.

From the results of the Gaussian fitting in Table III we
may also obtain peak areas, which correspond to the average
coordination numbers. These values can only be discussed
meaningfully for the first coordination shell because of the
mixture of second-neighbor correlations noted above. For
CNO5 the average first coordination number is 3+20%,
whereas for CN30 it has been reduced to 2+20%. These
results should be compared to the value of 3.9 for ta-C ob-
tained by Gilkes et al.*® Also, for CNO5 we can use a method
described by Ref. 25, where the coordination number is cal-
culated from the average first-neighbor bond length. Ignoring
the contributions of CN bonds, we obtain a first coordination
number of 3.8 for CNO5. Although this is only a zero-order
approach, it does indicate that the value determined from the
Gaussian peak fitting underestimates the coordination num-
ber. (One possible explanation for this is the normalization
of the data to the number of scattering centres in the beam,
i.e., the sample packing density. This is estimated using a
simple ‘‘mass of sample/volume occupied in the can’’ calcu-
lation and could account for the 20% normalization error.
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This error will be the same for both samples.) However, the
changes observed in coordination number between the two
samples still hold, as both values will be affected in the same
way. It is immediately apparent that, within the experimental
errors, the addition of only 5 at. % N causes a reduction in
the coordination number compared to the undoped material.
It is no surprise then that at 30 at. % N there is a further drop
in the average coordination number to just 2*+20%. This
decrease in the coordination number fits in well with our
finding that the dominant bonding environments for the in-
corporated N are C=N and C=N: for C=N, Ny=1 and
N¢g=2, and for C=N, Ny=2 and N-=2 or 3 (where Ny
and N are the coordination numbers of the N and C atoms,
respectively). Thus, if the average coordination number of
any atom is 2*=20%, threefold-coordinated C atoms giving
rise to the graphite bond angles are also possible.

CONCLUSIONS

The structure of two CN, samples with 5 at. % and 30
at. % N has been investigated using neutron diffraction.
From this experimental data it is possible to determine aver-
age values for bond lengths, bond angles, and coordination
numbers. The data for CNOS5 yield 1.52 A, 113°, and three
atoms, respectively. Comparing this to the data for za-C
(Ref. 25) it is shown that the incorporation of nitrogen in-
duces structural changes, in particular, a significant reduction
of the coordination number. Further addition of N to the
network (sample CN30) is found to reduce the number of
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sp> C—C bonds, while increasing the number of olefinic/
graphitic sp> C=C bonds. The average values for bond
length, bond angle, and coordination number are 1.43 A,
121°, and two atoms.

The differences between the structure of sample CNO5
and CN30 have been evaluated by subtracting the two data
sets. It is clear that for CN30 a different variety of bonding
types at bond lengths below 1.35 A appears. At this point, it
is not possible to obtain more conclusive information on the
relative amount of specific bonding types (i.e., C=N, C=N,
etc.) and therefore the results from other analysis techniques,
e.g., NMR and IR spectroscopy, need to be included. Alter-
natively, comparison with model structures obtained by com-
puter simulation (using the methods of Ref. 40) may give
further insight into atomic arrangements that are compatible
with the diffraction data presented here.
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