Structure of a-C:N:H prepared from ammonia
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A range of nitrogen-doped amorphous hydrogenated carbon samples (a-C:N,:H, where
x =3 at.% and x = 7 at.%) have been studied using neutron diffraction, inelastic
neutron scattering (INS) and Fourier transform infra-red (FTIR) spectroscopy to obtain
detailed information about their atomic-scale structure, particularly the bonding
environment of the hydrogen. The results show that the overall atomic scale network
structure of the two samples is very similar; however, the hydrogen-bonding sites alter
subtly as the nitrogen content of the samples is increased.

l. INTRODUCTION

A complex problem in the study of amorphous mate-
rials is determining the relationship between the atomic-
scale structure and the macroscopic properties of a ma-
terial, the solution of which maintains amorphous mate-
rials in a position of both fundamental and technological
interest. An example of such a material is diamondlike
carbon (DLC). It is of technological interest becaunse it
can be prepared harder, denser, and more resistant to
chemical attack than any other solid hydrocarbon,'*
which, together with a high degree of transparency to the
infrared and histocompatibility, have led to many appli-
cations.>* Hydrogenated or nitrogenated DLC films are
used in hard-disk drive applications as protective over-
coats on media and sliders® and continue to be studied in
connection with their potential as biomaterials.®

Nitrogen-doped amorphous hydrogenated carbon (a-
C:N:H) was first prepared in 1982 by Jones and Stewart.”
The motivations behind the addition of nitrogen to a-C:H
primarily stemmed from the possible modifications to its
electronic properties, and the possibility of their techno-
logical applications. The similar sizes of carbon and ni-
trogen atoms, coupled with the relative ease of sample
preparation, makes doping with nitrogen an obvious
choice, although a variety of other dopant atoms have
been tried (for example, Refs. 7 and 8). Since that time,
much experimental work has been carried out on a-C:N:H.
Many studies have focused on the optical and electronic
properties of the material,”*® with additional interest
arising from the fact that it may form a phase harder than
undoped a-C:H.' Structural investigations hitherto
have mainly involved infrared and Raman spectroscopy
studies,*>~*" although other methods, such as photoemis-
sion and x-ray absorption near edge sspectroscopy
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(XANES) have been applied with varying degrees of -
24,28-30

Because of the possible technological applications of
these properties, and certainly from a fundamental point
of view, it is important to examine the effects of nitrogen
incorporation by probing the atomic structure of this ma-
terial.

Building on our work on a-C:H?"*? and earlier studies
on a-C:N:H,**** we present complementary neutron dif-
fraction, inelastic neutron scattering and infrared spec-
troscopy data for a-C:N:H samples, with compositions of
3 and 7 at.% nitrogen, which will be used to provide
additional insight into the carbon, nitrogen, and hydrogen
bonding environments present. In particular, we examine
the effects of nitrogen incorporation on the atomic-scale
structure of the material with reference to the use of
ammonia, NH;, as the source of nitrogen, and a supple-
mentary source of hydrogen, in the precursor gas. In this
context, it is important to note that the choice of precur-
sor materials and the nature of, and parameters associated
with, sample synthesis may have a significant effect on
the resultant material, both in terms of its bulk properties
and with respect to its atomic-scale structure (e.g., Refs.
30, 35, and 36). Thus, while the generic knowledge
gained by the many researchers studying this family of
materials worldwide is of great importance, it must be

used with circumspection in the interpretation of particu-

lar data sets. _

Diffraction experiments provide an opportunity to ob-
tain direct information on interatomic distances and on
the average numbers of atoms in each coordination shell.
Previously, a-C:N:H has been studied using electron dif-
fraction®. and neutron and x-ray diffraction.® Neutron
diffraction has already been established as a powerful
technique in the study of amorphous materials (see, for
example Refs. 31, 37, and 38) and in particular the pulsed
neutron source ISIS at the Rutherford Appleton Labora-
tory (Didcot, UK) allows one to obtain high-resolution
real-space data, to the extent that it is possible to
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distinguish sp*, sp? and sp® carbon-bonding environ-
~ ments directly.*! Furthermore, because the neutron, un-

like x-rays or electrons, scatters from the nucleus, there is
no atomic-number-dependent form factor, and the corre-
lations involving hydrogen are also accessible.

Infrared (IR) spectroscopy is a widely used technique
in the study of materials based upon the a-C:H system,
e.g., Refs. 39-41, especially for investigating the hydrogen
bonding environment. In their seminal work, Dischler
et al.3 performed an extensive study of the bonding of
hydrogen in a-C:H and proposed assignments for all the
observed frequencies. Also, Vandentrop et al.* used IR
spectroscopy to estimate CH,:CHj ratios, but all IR re-
sults necessarily depend upon assumptions for the matrix
elements of each vibration, making fully quantitative
analysis very difficult. The technique has, however, been
used quite successfully to look at trends between differ-
ent samples.>*** In the specific context of the family of
materials based upon ta-C:N, a-C:N:H, and sirmnilar materi-
als, a comprehensive overview and discussion is offered by
Ferrari et al.*® IR spectroscopy data may become even more
important as computer simulations are able to generate
spectra to compare with experimental data.**

Inelastic neutron scattering (INS) does not suffer from
this problem as the observed scattering intensity is di-
rectly related to the eigenvector of the vibration, although
the energy resolution is not as good as for IR spectra. In
addition, there are no forbidden transitions in the INS
case. INS data is most useful for looking at the region
of low energy vibrations (~400-1800 cm™, ie., ~50~
225 meV), which includes the modes associated with
CH,, and CH, deformations and carbon—carbon stretches.

Thus, a combination of these three experimental meth-
ods—nentron diffraction (interatomic distances), IR
(frequencies and relative peak intensities), and INS (low
frequencies and peak intensities)—enable the relative
proportions and assignments of different bonding envi-
ronments to be determined with a higher degree of reli-
ability.

Il. EXPERIMENTAL DETAILS AND
DATA ANALYSIS

A. Sample preparation

The samples were prepared using a saddle field fast-
atom (i.e., neutral particle) source™*® from acetylene

and ammonia precursor gases. The samples were
prepared at a deposition pressure of ~107* mbar. To in-
corporate nitrogen into the samples, ammonia gas was
simply fed into the source with the acetylene using two
preset and controlled flow rates. The experimental tech-
niques require samples in the form of powders, and this
is achieved by depositing the material as a thin film onto
a copper substrate, previously cleaned with argon. Since
copper carbide does not readily form, the compressive
stresses within the thin film soon cause it to detach from
the substrate, and as it falls, the powder sample is col-
lected. The compositions of the samples were determined
by Carlo-Erba CHN combustion analysis. The results of
these measurements together with the deposition ener-
gies used, are summarized in Table T,

B. Neutron diffraction

The data presented here were collected using the
SANDALS diffractometer®” at the pulsed neutron facil-
ity, ISIS, at the Rutherford Appleton Laboratory. This
instrument is particularly well-suited to the study of co-
valently bonded amorphous materials, allowing the col-
Jection of data over a wide dynamic range (~0.2-50 A™).
It is also optimized for looking at hydrogenous samples
by collecting data only at forward-scattering angles to
reduce the effects of inelastic scattering. This is dis-
cussed more fully in the data analysis section.

Neutrons are scattered from the sample into fixed-
angle detectors (i.e., at a given scaitering angle 28),
where the scattered intensity is measured as a function of
time of flight (tof, which can be directly related to the
neutron’s momentum transfer on scattering). The com-
plete scattering profile is then obtained by combining
overlapping spectra form different detector angles. Moni-
tors record the tof spectra of the incident and transmitted
beams to provide information on the total neutron cross-
section and the intensity:wavelength profile of the inci-
dent beam. For each experiment, measurements are re-
quired 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 scat-
tering to be put on an absolute scale, since vanadium has
a well-known and almost entirely incoherent scattering
cross-section.*®

TABLE I. Compositional information about the samples derived from combustion analysis.

Mass flow ratio of

Precursor gases C content N content H content Deposition
Sample acetylene:ammonia (at.%) (at.%) (at.%) energy (8V)
1 2:1 75 3 22 850
2 1:1 69 7 24 850
J. Mater. Res., Val. 20, No. 12, Dec 2005 3339
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. In a neutron scattering experiment, the aim is to de-
termine a structure factor S{(Q), where, for an amorphous
material (i.e., an isotropic scatterer),™

@ =142 13sin(0r)
(Q)_ + Q Ordr[g(r)— ]SID(QT' »

where p is the average number density of atoms in the
material; Q = 1Ql = [k, — kJ is the wavevector transfer
associated with the diffraction experiment for elastic
scattering from a liquid or amorphous solid, @ = 4w/
\sin®, where 20 is the scattering angle and X is the neu-
tron wavelength; and g(r) is called the pair correlation
function, which is a measure of the atomic density at a
distance r 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 meas-
wred neutron scattering intensity. For a tertiary system
such as a-C:N:H, each atom-type pair contributes to the
total structure factor; i.e., six independent pairwise con-
tributions are combined to give the total structure factor,
each contribution being weighted according to the appro-
priate scattering cross sections and concentrations of the
pair of elements responding real-space function, the total
pair correlation function G(r) is a weighted combination
of the partial pair correlation functions and is defined
(according to the Faber—Ziman formalism*®) as

G = ) [CuCababpasdD]
af

where ¢, is the atomic fraction and b, the coherent scat-
tering length, both of element «, and g.p(7) represents
the partial terms in G(r) and describe the probability of
finding an atom of type {3 at a distance r from an atom of
type « at the origin. The weighting coefficients of the
partials means that for these samples the dominant terms
are those arising from CC, CN, and CH correlations. with
CH and NH correlations appearing as troughs rather than
peaks since by is negative (due to the w-phase shift ex-
perienced by a neutron scattering from hydrogen). Note
that the CH and HC, NH and HN, etc., terms are equiva-
lent.

The equations above rely on the static approxima-
tion™**° being valid, i.e., that the change in the neutron’s
energy on scattering is small compared to its incident
energy. Corrections need to be applied to the data before
the structure factor can be generated. The major correc-
tions are for background, container and multiple scatter-

ing, attenuation, and the effects of inelastic scattering .

(that is, for deviations from the static approximation).
Full details of these may be found elsewhere.>! The most
problematic step in the analysis procedure is the correc-
tion for inelastic scattering. Although the small angle
neutron diffractometer for amorphous and liquid samples
instrument has been designed to minimize the effects of
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this on the experimental data, it is by no means com-
pletely eliminated. For hydrogenous materials, the sim-
plistic approaches® to accounting for this deviation from
purely elastic scattering (i.e., from the static approxima-
tion) break down because of the low mass and high in-
coherent scattering cross section of the hydrogen atom,
and an alternative method has to be used. The method
adopted here is an empirical one, which involves fitting
a low-order polynomial through the data to remove the
underlying incoherent scattering curve; to first order the
effects of inelastic scattering are embedded in this term.
The procedure for performing this correction is given in
detail elsewhere.™ There are problems with using this
approach, particularly with regard to the quality of the
data at very low r values (below ~1 A), which may affect
correlation amplitudes. Therefore, we expect peak areas,
and to a far lesser extent bond distances, for correlations
involving hydrogen first coordination shells to be subject
to larger uncertainties than pertain to the bulk of the data.

C. IR speciroscopy

IR measurements were performed using a Bio-Rad
FTS 175C dynamic alignment Fourier transform infrared
spectrometer fitted with a photo-acoustic detector. Given
the intrinsic difficulties associated with any attempt to
analyze IR data quantitatively, we concentrate here on
using Gaussian peak fits to the fundamental C-H stretch
modes to examine the overall nature of the hydrogen
bonding environment and its variation between different
samples. The peak fitting is constrained to peaks at the
known vibrational frequencies for C-H stretching modes
in this region.

D. Inelastic neutron scattering

The INS data was collected on the incoherent inelastic
neutron spectroscopy instrument at the ISIS spalla-
tion source, Rutherford Appleton Laboratory.*” The data
presented in this paper were derived from an experi-
ment on the ISIS time focused crystal analyzer spectrom-
eter, TFXA, which was optimized for energy resolution
(AE/E ~ 1.5% to 3%, with a low associated O resolution
resulting from the integration needed to achieve the de-
sired high count rates. The TEXA spectrometer has since
been replaced by the instrument TOSCA, which has an
even higher specification®*). This spectrometer is used to
collect the H-dominated incoherent INS data, where it
generates high intensity data integrated over momentum
transfer. In the incoherent approxima[ion,sS the scattering
function can be directly related to the vibrational density
of states g(w): '

o> 1+
S(0,0) = Zi b_w( (an'\))g(w

) ?
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where $5(Q,w) is the self scattering, 7 is the momentum
transfer, s the energy transfer, {n,) is the population
factor for a mode of frequency w, and ¢V is the
Debye-Waller factor. A more complete account of the
theory is given elsewhere.®° It should be noted that in
an amorphous system such as a-C:H, there is a range of
possible bonding environments that give rise to vibra-
tions over a spread of frequencies.

fil. RESULTS AND DISCUSSION
A. Combustion analysis

The results from the combustion analysis of the com-
position of the samples show that, as the amount of am-
monia in the input gas mixture is increased, there is a
large decrease in the atomic concentration of carbon and
a small increase in the percentage of hydrogen present in
the sample. This preferential reduction in carbon content
has also been observed in samples prepared using N, gas
as the source of nitrogen in the deposition process.'”?*

Intensity (arbitrary scale)

B. Neutron diffraction

The pair correlation functions G(r) for the two samples
are shown in Fig. 1. It is immediately apparent how
similar the two sets of data are. For both samples, the @
combined CC and CN first neighbor peak is at 1.43 A,
which is shorter than that obtained for CC nearest neigh-
bors in a-C:H samples.**® This is due to the presence of
CN and NN bonds, which are shorter than the expected
C-C and C=C bonds, and therefore the average network
neighbor bond distance observed for these a-C:N:H
samples, where the correlation peaks overlap, appears
shorter. The CH and NH correlations are observed as a
dip in the data at ~1 A. However, this region is affected
by the difficulties in correcting the data for inelastic scat-
tering, so we can say nothing more than that there is

2800 3000 3200 3400
‘Wavenusmber (cm™)

1.04 -
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* (Angslroms) FIG. 2. (a) FTIR spectrum for sample 1 with the Gaussians used to fit
FIG. 1. Pair correlation functions G(r), obtained from neutron diffrac- the data. (b) FTIR spectrum for sample 2 with the Gaussians used to
tion experiments for sample 1 (dashed line) and sample 2 (solid line). fit the data.
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FIG. 3. Smoothed INS spectra for samples 1 and 2 (off-set).

evidence to show that the samples contain C-H and N-H
bonds, as might be anticipated. The nature and relative
numbers of these bonds is discussed in more detail in the
next section.

C. Spectroscopy

In a detailed examination of the spectroscopic results,
it is more instructive to consider two different regions of
the spectra, 3400-2600 cm™ (CH stretch region) and
1800-10 cm™ (CC stretch and CH,, deformation region)
separately to begin with; we will then atternpt to correlate
the findings from both in a general discussion of the
results. The IR spectra are shown in Fig. 2 with the
Gaussian peaks used to fit the data, and the INS spectra
are shown in Fig. 3.

1. CH stretch region: 3400—2600 cm™

Due to the poor resolution of the INS data in this
region (300-500 meV), only IR data are discussed for the
CH stretching modes. Following a “background subtrac-
tion” using a low order polynomial, each spectrum is
fitted with a series of Gaussians, allowing the area to
vary and using the method of least squares until a best fit
is found, but with the position constrained to known CH

TABLE II. Results of the Gaussian fitting to the infrared spectra,

vibrational frequencies. From the positions of the Gauss-
ians; assignment of the observed frequencies to particu-
lar vibrational modes can be made, and the peak areas
can be normalized to the hydrogen content of the sample
and used to look at the relative proportions of each mode
present in the samples. Table II gives the frequency and
associated normalized peak areas derived from this data.

If we assume that the peaks associated with the anti-
symmetric and symmetric stretching modes for the same
group have the same area, it is possible to determine the
relative numbers of sp°CHs, sp>CH,, sp®CH, and sp”CH
groups, and these are shown in Table IIL. It is important
to remember that these values are not absolute; compari-
sons are meaningful only in a relative way between
samples.

Before discussing the results in detail, it is worth
pointing out that although frequencies for sp*CH, groups
are not observed (they are not clearly observed in IR
spectra for a-C:H in general, e.g., Refs. 57-59), this is
due to the weightings of their matrix elements and does
not necessarily imply that these groups are absent from
the amorphous material structure. From Fig. 2 and Table
11, it is clear that there are several frequency assignments
common to all of the samples, each of which can be
assigned to different CH,, vibrations.

As the ammonia content of the precursor gas is in-
creased, there are some changes in the hydrogen bonding
environments: the amount of sp?CH, decreases; how-
ever, sp°CH,, and N-H stretching modes are both seen to
increase. These changes in the C-H bonding environ-
ments are opposite those observed when N, is used as the
precursor gas.**

2. CC, NN, CH, and NH stretch regions and the CH,,
deformation region: 0-4000 cm™

For the CC stretch and CH,, deformation region of the
spectrum, INS experiments are the best source of struc-
tural information, although the intensities at the low en-
ergy transfer values are more difficult to interpret. The
general assignments for this region are: 800-100 cm™
sp°’C-H out-of-plane and in-plane bending, 1100~
1300 cm™ spC—C stretch, and ~CH, wag/twist, 1300~
1500 cm™ spCH, and CH, deformations, 1500-
1700 cm™ sp*C=C and aromatic C=C stretches,

Peak position {(cm™)

Sample N (at.%) . (Normalized peak area)
1 3 2857 2888 2929 2967 3007 3062
©0.17) 0.22) 0.23) 0.14) (0.10) (0.13)
2 7 2852 2888 2934 2974 3015 3066
(0.21) (0.18) 0.26) 01D (0.09) (0.14)
Assignment sp°CH, sp°CH, sp°CH, + sp°CH; sp°CH arom
spPCH sPPC-H
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TABLEIIL Relative proportions of CH,, groups from Gaussian fitting
to the C-H stretch region of the infrared data.

Sample N (ar.%) sp*CH; sp°CH,  sp°CH sp*CH
1 3 0.14 0.17 0.06 0.10
2 7 0.11 0.21 0.05 0.09

2070 cm™' C=N stretch, 3000 cm™' C-H stretch
and ~3300 cm™ NH, stretch. Intensity in the region
0-400 cm™ is generally due to vibrations of large frag-
ments of the lattice/network. The smoothed INS spectra
in Fig. 3 show that these bands are common to all
samples. We have been able to fit smoothed spectra for
the two samples with a series of Gaussians, in the same
way that the IR spectra are fitted (shown in Fig. 2). The
fitted peak positions and normalized peak areas are pre-
sented in Table IV. Although it is not possible to be more
specific in our peak assignments, it is easier to examine
and discuss the trends between different data sets. Notice
that a similar collection of Gaussians is used to fit each
sample, showing that the features in the data are consis-
tent between samples. However, there are also regions
where the spectra show significant differences with in-
creasing N concentration. The regions of the data will
now be discussed separately in detail:

a. 800-900 cm™": spPC-H in-plane and
out-of-plane bending

In this region, the two spectra look very similar. How-
ever, it is interesting to contrast these spectra with that
obtained for a-C:HL.>? There is clearly a peak in these
samples at around 900 cm™, which does not appear sepa-
rately in the a-C:H samples. This separation is probably
due to the absence of the CH, wag intensity at
~1000 cm™ in the NH,-prepared samples. Although the
IR data show a relative increase in the CH, groups be-
tween the two samples, it is clear from the INS spectra
that there are fewer CH, groups in these samples than in
a-C:H samples. Even with N,-prepared samples, the CH,
wag intensity remains. This immediately reveals that pre-
paring samples with NH; affects the distribution of hy-
drogen within the network, in agreement with other ob-
servations.?%*

TABLE IV. Results of the Gaussian fitting to the INS spectra.

b. ~1250 em™: sp°C-C stretching

This peak is common to both samples with approxi-
mately the same shape and intensity for each one. So, for
materials synthesized using the method adopted herein,
the concentration of sp>C—C bonds appears. to remain
constant when the N-doping of the samples is increased.

¢. ~1450 cm™: CH, and CH, deformations

In both samples, this peak is present as a shoulder on
the sp>C-C peak. In sample 2, with the higher N content,
this shoulder is slightly better resolved from the main
C~C peak, although the intensity remains the same as for
sample 1. The enhanced definition of the peak may be
due to the decrease in CH, groups as observed in the IR
data and the corresponding increase in the number of
sp>CH, groups.

d. ~1500-1800 cm™": sp”C=C stretching, C=N and
N=N stretching, and cthers

This region of the spectrum is generally difficult to
interpret because it may also contain some overtone and
combination modes. However, it is clear that there are
differences in the spectra for the two samples presented
here. In sample 1, with the lower N-content, there are two
peaks at 1570 and 1816 cm™, whereas for sample 2 there
is just one peak at 1693 cm™. This change shows that
there is some change in sp* bonding in the network, but
it is difficult to be more specific about the precise nature
of these changes.

8. ~1800-4000 cm™

Again, it is difficult to make accurate peak assign-
ments in this region because of overtone and combina-
tion modes. There is a peak at ~2070 cm™, which is
likely to be due to C=N stretches and shows a small
increase in intensity with increasing N concentration.
This increase has also been found in other IR data.’>*"%
There is movement of the peak at 2480-2337 cm™?, but
this cannot be assigned to a specific bonding environ-
ment, Finally, we can assign the peak at ~3000 cm™ to
C-H stretches with approximately the same position and

N

Peak position (cm™)

Sample (at.%) (Normalized peak area)
1 3 108 888 1224 1420 1572 1816 2070 2480 2997 3290
4 (162) (251) (150) (251) (170) (56) (310) (278) 491)
2 7 106 606 886 1229 1439 1693 2074 2337 3025 3365
61 Qam™m (151) (256) (141) (190) (125) (310) (290) (400)
Assignment sp*CH sp’CC CH, NH, C=C C=N C-H NH,
+CH; def bend str sir str str
J. Mater. Res., Vol. 20, No. 12, Dec 2005 3343
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intensity for both samples, and then there is a small peak

in both samples at ~3300 cm™, which we can assign to’
P g

NH, stretches.!>'”

f. 0700 cm™*

This region is generally associated with vibrations of
large fragments of the network. There are small differ-
ences between the two spectra in this region of the data.
However, assignment to specific vibrations is not pos-
sible, and one may draw only the general conclusion that
the intermediate range order associated with the amor-
phous network structure has been only slightly affected
by the incorporation of N.

V. CONCLUSIONS

It is clear from all three sets of data that the samples
have a very similar basic network structure despite a
significant change in the nitrogen doping level. In fact,
the only differences between the two samples seem to be
concerned with the bonding environment of the hydro-
gen. It appears that using NHj as a precursor gas results
in a general increase in the number of N-H bonds and a
corresponding decrease in the number of C-H bonds,
particularly in the number of CHjy groups, when com-
pared to samples deposited using N, as the source of
nitrogen in the precursor gas mix. This provides clear
gvidence for the.direct effect of nitrogen on the connec-
tivity of the atomic-scale structure via an alteration in the
distribution of network-terminating hydrogens. These
conclusions are broadly in accord with the results of
work by other authors.
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