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Role of Nitrogen in the Formation of HC—N Films by CH4/N, Barrier Discharge Plasma:
Aliphatic Tendency
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We have studied the influence of nitrogen on the chemical properties of the hydrogenated carbon nitride
(a-CN,:H) film deposited by CH4/N, dielectric barrier discharge (DBD) plasma. X-ray photoelectron
spectroscopy (XPS) indicates that carbon and nitrogen form an unpolarized covalent bond in these C—N,
materials, and the observed chemical shift in the C 1s and N 1s binding energy is explained with respect to
N 1s incorporation. Furthermore, the average nitrogen content (N/C ~ 0.76) in the films was systematically
varied by changing the nitrogen partial pressure (CH4/N, &~ from 5:1 to 1:7) which is well supported by the
elemental analysis. Fourier transform infrared (FTIR) absorption spectra exhibit significant changes in different
C—N, C=N, and NH/OH molecular bands at higher nitrogen concentration in the film. The isonitrile and
nitrile groups (—NC and —CN) are increased with the increase of deposition time. In addition, the elemental
analysis, proton NMR, and thermolysis mass spectrum show that the composition of the film with the ratio
CH4/N, = 1:1 is C, 67.68; H, 9.88; N, 16.53 (in wt %) and that the film is composed of polymers, probably

containing linear chains which are cleaved off on heating in vacuum.

I. Introduction

Hypothetical prediction regarding the mechanical properties
superiority of 3-C3N, solids to those of diamond! ™ has attracted
a great interest toward carbon—nitrogen materials. Synthesis and
outstanding mechanical properties of C;N4 has been claimed
by some groups,* but still, there is no conclusive evidence about
the possibility of synthesizing such super hard crystalline solids.
Rather than the super hard materials of carbon (i.e., diamond
or 3-C3N, phase), the amorphous carbon nitride (a-CN,) film is
expected to be applied widely as, for example, a superhard
coating material, and low friction coefficient,’® low band gap
protective material on hard disks and read heads,”!° photolu-
minescence,!' carbon nitride nanotubes,'? and,'® biosensor,* and
antibiomaterials.'

Many reports have been devoted to the study of nitrogen
bonding in a-CN, films. In particular, X-ray photoelectron
spectroscopy (XPS)*!'9726 and vibrational spectroscopy (Raman
and FTIR)%%21:2326 measurements have been the most common
techniques used to investigate this subject. However, interpreta-
tion of these data varies widely in the literature. This is not
surprising, since the varieties of different bonding configurations
are mostly close in energy to each other. In this respect, one
can be faced with interpreting spectra with a multitude of
overlapping peaks, which makes deconvolution of curves
problematic. C—N, films deposited by hydrocarbon gas plasma
produce polymer-like hydrophobic films rather than crystalline
structures and are highly amorphous and inhomogeneous in
nature due to the presence of hydrogen in the film surface.?’
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Major significant obstacles to the synthesis of crystalline 3-C3;N,
are (1) the existence of N—H and C—H, bonds which are formed
in most of the deposition systems and (2) the incorporation of
the nitrogen in the carbon layer to reach N/C & 1.33.

In our previous study,? solid state NMR results do not show
a trace of aromatic compound but exhibit the 'H and '*C signals
strongly broadened due to homo- and heteronuclear dipolar
couplings. It contradicts the results obtained from other pub-
lished literatures, where it has been mentioned that the films
are composed of aromatic compounds such as pyridine, pyrido
[2,1,6-de] quinolizine, and so on.'®273! In the present study,
we observed a large shift of the C 1s peak (maximum at N/C
= 0.76) toward a higher binding energy state (from 284.94 to
287.4 eV) as the nitrogen concentration is increased in the
deposited a-CN, film. Knowledge of the chemical bonding states
of a-CN, is vital in the development of these applications, since
it allows us to design for electronic structure, dielectric
properties, and hardness. The structure and chemical bonding
states of a-CN, film are frequently analyzed by X-ray photo-
electron spectroscopy (XPS) and FTIR spectroscopy. Many
researchers have referred to the chemical bonding states based
on the peak deconvolution of the C 1s and N 1s spectra, 8323334
However, there have been several differing arguments regarding
the deconvolution of these spectra, especially that of N 1s. These
disagreements are due to the complexity of the amorphous
structure.

In this paper, we present the influence of nitrogen on the
chemical bond structure of the a-CN, film deposited by CH4/
N, DBD plasma and also the more precise peak assignments of
the a-CN, film by XPS and FTIR spectra. The quantification of
several components obtained by XPS has been compared with
the elemental analysis.

© 2009 American Chemical Society

Published on Web 11/06/2009



Formation of HC—N Films by CH4/N, DBD Plasma

TABLE 1: Samples Number and Dielectric Barrier
Discharge Parameters

sample CH4:N, time (h) frequency (kHz)
CHNS51_24 5:1 24 5.5
CHN31_24 3:1 24 5.5
CHNI11_24 1:1 24 5.5
CHNI13_24 1:3 24 5.5
CHNI15_24 1:5 24 5.5
CHN17_24 1.7 24 5.5
CHN13_07 1:3 7 5.5
CHN13_3.3 1:3 33 5.5

I1. Experimental Methods

Six films were deposited with varying CH4:N, gas mixture
ratios as 5:1, 3:1, 1:1, 1:3, 1:5, and 1:7, respectively (see Table
1). The a-CN,:H films were deposited on p-type Si(100)
substrate which is placed on the ground electrode. The typical
time duration of the film deposition is 24 h for all of the
deposited CN films. The experimental setup of the dielectric
barrier discharge has been explained in detail elsewhere.?”-?33
Both of the Ag electrodes are covered by dielectrics: the upper
(powered) electrode is covered with aluminum oxide (& ~ 10);
the lower (grounded) electrode with a glass plate (¢ ~ 3.8).
Both electrodes were separated by 0.15 cm from each other. A
small piece of Si(100) wafer was placed on the glass electrode.
The upper electrode is connected to a home-built high voltage
power supply, while the lower electrode is grounded. The
chamber is pumped by a membrane pump down to about 10
mbar. Pressure inside the plasma chamber was controlled by
two gas flow controllers for methane and nitrogen and by an
adjustable needle valve between the chamber and the membrane
pump. The experiments were performed with the chamber filled
at a pressure of 300 mbar and with varying CH4/N, mixture
ratios (5:1, 3:1, 1:1, 1:3, 1:5, and 1:7). The amplifier can be
operated at up to 500 W. Experiments were performed at 10.5
kV (peak-to-peak) and at 5 kHz. The electrical power under
these conditions was 4 W. Table 1 summarizes the deposition
conditions.

X-ray photoelectron spectroscopy (XPS) measurements of the
a-CN,:H films were performed on a multitechnique 100 mm
hemispherical electron analyzer (CLAM2: VG Microtech), using
Mg Ka radiation (photon energy 1253.6 eV) as the excitation
source and the binding energy (BE) of Au (Au 4f;,: 84.00 eV)
as the reference. The XPS spectra were collected in a constant
analyzer energy mode, at a chamber pressure of 10~% mbar and
pass energy of 23.5 at 0.125 eV/step.

Fourier transform infrared (FTIR) absorption spectra were
obtained by means of a FTIR spectrometer (Bruker Vector 22)
in transmission mode. The plain sample was placed in a vacuum
chamber built inside the spectrometer in order to minimize the
IR signal of water vapor, CO, content, and noise. The measuring
signal passed the optical way with an aperture diameter of 3
mm with a spectral resolution of 4 cm™'. For optimal signal-
to-noise ratio, 50 scans were averaged per sample spectrum and
apodized by applying the Happ—Genzel apodization function
for Fourier transformation. Interferograms were used with a
zero-filling factor of 0. The background spectrum was inde-
pendently measured on a pure silicon substrate.

Elemental analysis was carried out with a CHNS-932 analyzer
from LECO using standard conditions.

'H NMR spectra of CD;0D soluble film components (roughly
80%) were recorded on a multinuclear FT-NMR spectrometer
(Bruker ARX300, 300.1 MHz). The 'H chemical shifts are in
O values and given in ppm relative to Me,Si, as internal
standards.
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Mass spectra (EI, 70 eV) were measured on a single-focusing
mass spectrometer (AMDA40, Intectra). The film sample obtained
with CH4/N, 1:1 was placed in a microcrucible and was heated
in a vacuum in the inlet system (push rod) up to 330—350 °C.
A substantial total ion current indicating formation of volatile
species by thermal decomposition of the film started at ca. 300
°C and became strong at 330 °C. After the measurement at 330
°C, a hard black residue covered the inside surface of the
crucible.

III. Results

X-ray Photoelectron Spectroscopy. The best Gaussian
distribution function fits to the XPS lines resulted in four
different peaks for the C 1s line and three peaks for the N 1s
line. In order to minimize interference between the peaks during
deconvolution, all spectra have been fitted with equal line widths
(full width at half-maximum, fwhm) of the involved individual
peaks, thereby reducing the number of free parameters and
yielding a more stable result. The investigated C 1s and N 1s
spectra display a chemical shift that is caused by an anomalous
behavior of the surface charge distribution of the silicon
substrate covered by carbon nitride film. Si (2p) with BE =
99.3 eV was taken as a reference.”’” We used an a-CN, film,
deposited on a Si substrate, of which a small part of the
deposited film had been removed in order to get access to the
Si surface. A shift of 4.5 + 0.5 eV was noted, which is
considered as system calibration. The results presented below
have been corrected by subtracting the experimentally observed
shift for all of the analysis. The binding energy of C 1s is 284.5
and for N 1s is 398.1 eV, taken as a reference, and with respect
to this value, we have calculated the chemical shift of the C 1s
and N 1s peaks which have been obtained from experimental
results.*

Figure 1 shows the XPS C 1s core-level spectra of a series
of a-CN, films with various methane/nitrogen concentrations.
We can observe that the effect of nitrogen incorporation shifted
the C 1s peaks toward higher binding energy states (from 284.90
to 286.4 eV) with a maximum shift of 1.88 eV at CH4/N, ~
1:7. Interestingly, the shifted peaks exhibit an asymmetric
broadening toward higher binding energy too. As nitrogen is
incorporated, more components are necessary to fit the spectra,
indicating that carbon is at least in four different binding states,
including one peak for CO bonds. From Figure 1, the carbon
peak at the binding energy range 284.00—284.87 eV is identified
as originating from adventitious (extrinsic or accidental) carbon
and surface carbon that may have lost its nitrogen neighbors
due to reaction with O, and CO/CO, from the air. Similarly,
the C 1s peak binding energy range at 287.38—288.92 eV is
identified as originating from CO type bonds which are
depending on the type of bonding such as ketones/aldehydes
(—CO/—CHO), carboxyls (—COOH), and carbonates (—CO3).
The presence of the undesired oxygen in the lower nitrogen
content films (at CH4/N, = 5:1 and 3:1) is also effectively
responsible for the large binding energy shift. From Figure 1,
we can observe that there are two C 1s peaks (second and third)
in the ranges 284.94—286.04 eV and 285.93—287.42 eV which
are assigned as substitutional sp> N in graphite-like structures
(C=N), 3-fold-coordinated N bonded to 4-fold-coordinated sp?
C (C—N) and C=N, respectively.!81922.25-33

Figure 2 shows the XPS N 1s core-level spectra of a series
of a-CN, films with various methane/nitrogen concentrations.
With increasing N/C ratio, the chemical shift is gradually shifted
toward higher binding energy states (from 398.53 to 399.70 eV)
with a maximum shift of 1.65 eV at CH4/N, ~ 1:7. The N 1s
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Figure 1. Typical C 1s XPS spectra obtained with Mg Ka X-rays at
23.5 eV pass energy at 0.125 eV/step. The data are presented after
inelastic background subtraction and using Gaussian fits. The intensity
scales for the C spectra are not the same. The straight line denotes the
reference binding energy of C 1s at 284.50 eV, and the dotted lines
represent the peak position of the deconvoluted area.

peaks are deconvoluted into three components depending on
the nitrogen concentration. There are two nitrogen peaks (first
and second) in the range 397.88—398.44 eV and from 399.15
to 399.60 eV which are assigned as organic nitriles or isonitriles
(R—C=N or R—NC) and methylene imines (R—N=CH—),
respectively.!??630732 The peak in the range 400.01—400.75 eV
is identified as originating from N—O/N—N or nitrosomethane-
like (R—N=O0) species. At higher binding energy, the corre-
sponding peak can be assigned to NO, as oxygen was detected
as a surface contaminant, and may also result from N, molecules
trapped in the film.'$192225733 From Figure 3, we can observe
the non-nitrogenated film (CH4/Ar = 5:1). The C 1s peak is
very sharp (fwhm = 1.5 eV) and is located at 284.67 eV, slightly
higher than the value of other pure carbon hydrogen systems.
Moreover, at CH4/N, = 5:1 and 3:1, the C 1s peaks are sharper
than in other gas mixture ratios. A noticeable change in the
sharpness (as well as the binding energy shift) of the C 1s peak
is observed while varying the CH4/N, ratio from 1:1 to 1:7. In
this paper, we assign the peak at lower binding energy
(397.88—398.4 €V) to nitrogen bonded to sp* carbon and the
peak at higher binding energy (399.15—399.60 eV) to nitrogen
bonded to sp? carbon following the comparison of the N 1s peak
position with reference data from nitrogen containing polymers
and organic molecules.'®!%222573 However, this contradicts the
data obtained from pyromethene which contains N and C atoms
but no sp® carbon.”?% Nevertheless, Souto et al.*? recently
compared the valence and core level electronic structures of
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Figure 2. Typical N 1s XPS spectra obtained with Mg Ko X-rays at
23.5 eV pass energy at 0.125 eV/step. The data are presented after
inelastic background subtraction and using Gaussian fits. The intensity
scales for the N spectra are not the same. The straight line denotes the
reference binding energy of N s at 398.01 eV, and the dotted line
presents the peak position of the deconvoluted area.
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Figure 3. Comparative study between non-nitrogenated (CHs/Ar =
5:1) and nitrogenated (CH4/N,) films with respect to the C 1s peak
shifting toward higher binding energy region. The film deposited by
CH,/Ar composition proposed ~0.15 eV shift in C s peak, as it is
0.94 and 2.90 eV in the case of CH4/N, = 5:1 and 1:7, respectively.
The intensity scales are not the same for all C 1s spectra. The straight
line denotes the reference C 1s binding energy at 284.50 eV, and the
dotted lines represent the peak position of the deconvoluted area.

sputtered a-CN; films with a theoretically calculated density of
states and core level binding energies of molecules containing
sp¥sp> CN bonds. The combined analysis of core level and
valence band spectra leads to the conclusion that the peak at
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Figure 4. (a) Shift in binding energy of C 1s and N 1s with respect
to CH4/N, gas composition of a-CN, films and (b) comparative study
of N/C obtained from XPS and elemental analysis as a function of
CH4/N, gas ratio.

TABLE 2: Chemical Shift of the Corresponding Deposited
Films with Different CHy/N, Compositions and N/C Ratios

N/C N/C C 1s peak N 1s peak

sample  CHeN2 xpg)  (clemental)  shift ?eV) shift ?eV)
CHN51 24 51 0068 007 0.40 0.43
CHN31 24 31 009  0.12 0.58 0.80
CHN11 24  1:1 021 0.24 0.83 1.07
CHNI3 24 13 042 0.45 131 125
CHNI5 24 15 0.65 0.54 151 150
CHNI7 24 17 076 0.66 1.88 1.65
CHNI3 07 13 030 032 128 118
CHNI3 33 13 022 0.20 127 1.19

lower energy is related to N atoms in configurations with isolated
lone pairs (including 3-fold-coordinated N atoms bonded to sp*
carbon), while the peak at higher binding energy corresponds
to substitution of N in graphite-like configurations, where the
lone pairs are involved in stronger szz-bonds (this includes N
atoms bonded to sp? C).

In the assumed [3-C;3;N, structure, the carbon atoms are in
tetrahedral sites and the nitrogen atoms are in a 3-fold position.
The tetrahedral allotrope of carbon has about the same binding
energy as other pure carbon forms and hydrogenated carbons.?’-%
Figure 4a plotted as taking data from Table 2 shows the
dependence of the C 1s binding energy on the nitrogen content
can be considered as a result of the chemical shifts on charge
transfer.’ Furthermore, from Figure 4b, the N/C ratio obtained
from XPS and elemental analysis are significantly supported
by each other except for a small deviation of +0.22 eV. The
gradual increase of asymmetry of the C 1s line is consistent
with the broadening of the C 1s line. It is understood from XPS
results that the environment of carbon is becoming more
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heterogeneous with the increase of nitrogen concentration in
the films, mainly due to the formation of CN bonds.

In particular cases, the presence of a first and second order
amine/ amide group strongly determines the polarity of the
deposited a-CN, films as well as the binding energy shift. The
incorporation of nitrogen in the a-C:H, matrix induces a charge
transfer from the less electronegative C (2.5)* atoms to the more
electronegative N (3.04) atoms. This decrease in the electron
density on the C atoms results in a shift of all C core levels
toward higher binding energies, as more homopolar C—C bonds
are replaced by heteropolar C—N bonds. From Figures 1, 2,
and 3, it is confirmed that the presence of hydrogen introduces
a component in a position of intermediate peaks that are usually
well resolved for non-hydrogenated CN films. The assignment
of those peaks is controversial, mainly because CN polymers
and organic molecules are used as reference materials, which
are poor conductors and no reliable binding energies have been
assigned. In some cases, it is difficult to distinguish between
different carbon configurations referring to sp? or sp> CN bonds'®
and in fact there is no evidence for a significant difference in
the C 1s positions between graphite and diamond. Thus, it is
more likely that the different binding energies correspond to a
difference in the number of nitrogen neighbors.'

FT-IR Absorption Spectroscopy. FTIR absorption spectra
were carried out in the range 4000—1000 cm™! for all of the
a-CN, samples, deposited by the DBD technique. Figure 5 shows
the FTIR spectra for the a-CN, samples by varying the nitrogen.
The samples are categorized in three groups: (a) by varying the
N, gas pressure and keeping methane gas pressure and deposi-
tion time constant, (b) by altering the methane gas pressure and
keeping the N, gas pressure and deposition time constant, and
(c) by changing the film deposition time only.

Various absorption bands are observed in the ranges
3750—2650, 2295—2080, 1835—1495, and 1480—1365 cm™',
associated with the combination of O—H, N—H, and C—H,
stretching,??”? C=N stretching, C=N stretching, and C—H,
bending vibration, respectively. The C=N band at 1655 cm™!
might be superimposed by the C=O stretching band of amide
(CONH) which absorbs in the same range and would fit with
the CO bands detected by UPX analysis. NH of associated amide
will in turn be superimposed by OH/NH bands. Figure 5a shows
that, as the nitrogen pressure increases, there is an increase in
C=N bond formation (consequently, an increase in nitrile/
isonitrile band intensity) and, simultaneously, a decrease in
C—H, band intensity. Thus, it seems that, when a more
electronegative element (e.g., nitrogen) interacts with the
methane, it leads to the formation of nitrile/isonitrile groups at
the expense of C—H, groups. This is clearly observed in the
inset of Figure 5a. A strange finding results in the extreme case
when the CH4:N, ratio was 1:7. In this case (CN17_24), the
intensity of the nitrile/isonitrile absorption is almost equal to
that of CHN11_24. It seems that, when saturation of C=N group
formation is reached, the deposited material starts to decompose.
The reason behind this hypothesis is that, with the decrease of
the C=N bands, there is an increase of the C=N band centered
at about 1655 cm™!.

In the case of sample deposition by varying the methane/N,
gas composition, it is found that just after increasing the methane
gas pressure the C—H, band intensity reaches saturation. FTIR
absorption spectra are illustrated in Figure 5b. It is clearly
observed that the C—H, bands are intense while the C=N group
vibrational bands are weak. The nitrile/isonitrile band region is
shown in the inset of Figure 5b. However, when there is a ratio
of 1:1 for CH4:N,, the C=N group absorption becomes stronger
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Figure 5. FTIR spectra in the range 4000—900 cm™' by (a) varying
the nitrogen pressure and keeping the other deposition parameters
constant, (b) changing the methane gas pressure and keeping other
parameters invariable, and (c) varying only the time of deposition.

as it is reduced with the increase of the methane content and is
found a minimum in the case of the CHN51_24 sample. There
are various bands related to C=N groups, 2177—2185, 2214,
and 2240 cm™!, which might be attributed to the nitrile (—C=N)
group attached to a C=0 group, —C=N conjugated to a C=C
group, and —C=N linked with an alkyl group, respectively.?*
Alternatively, the band at 2177—2185 cm™!, in the CHN11_24
film (CH4/N, = 1:1) in KBr observed at 2174 cm™!, might be
attributed to isonitrile groups. Isonitriles absorb bathochromi-
cally shifted vs nitriles due to the slightly lower bond order, in
the VB model expressed by a neutral carbene resonance structure
with C=N bond (R—N=C: <>). Isonitriles are less stable than
nitriles and can rearrange to the latter but are formed primarily
in reactions of cationic alkyl species with cyanide anions®>*°
and may thus be formed under plasma conditions. The broad-
band with peaks centered at about 3325 cm™! and about 3200
cm™! is related to the N—H vibrational bands in different
configurations.?”?

An interesting behavior is observed by changing the deposi-
tion time of the a-CN, samples by keeping the CH,4:N, flux ratio
1:3, shown in Figure 5c. It is observed that an increase in
deposition time causes a decrease of the intensity of the C—H,
bands and simultaneously enhances the C=N bond formation.
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Figure 6. Integrated intensity plot for all of the major peaks: (a) in

the range 2245—2145 cm™'; (b) in the range 2965—2870 cm™". In the

inset of part b, the zoomed area of lower integrated intensity is
illustrated.

A sharp decrease in C—H, band intensity is observed for 7 h
deposition time; then, it remains almost the same. However,
further increase in deposition time up to 24 h leads to an increase
of C=N group formation.

The detailed analysis is performed by carrying out curve
fitting using a mixed distribution function (M+G + (1 — M)-L);
M is the weight function, G is the Gaussian distribution function,
and L is the Lorentzian distribution function. The integrated
intensities of various bands, C=N and C—H,, are shown in
Figure 6. In general, it is found that the intensity of the C=N
group at 2185 cm™! is higher with respect to the alkylnitrile
absorption. The alkylnitrile band centered at around 2240 cm ™
is higher only for the CHN51_24 sample. For all of the samples,
various stretching vibrational bands of C—H, are observed
centered at 2960, 2930, 2910, and 2872 cm™ ' which are
attributed to the sp’-avCHs, sp*-avCH,, sp>-vCH, and sp’-svCHj,
respectively.*'*? The integrated intensity for the C—H, stretching
vibrational bands in various configurations is plotted in Figure
6b. A zoomed area is shown in the inset of Figure 6b for better
illustration of the low integrated intensity region. It is observed
that the integrated intensity of the C—Hj vibrational band is
always higher than other C—H, (x = 1—2) bands, which
suggests major contributions of CHj; species within the
a-C—N,:H sample.

Elemental Analysis, NMR, and Thermolysis Mass Spec-
trometry. From Figure 4, it is seen that the N/C ratio obtained
from the elemental analysis is fitting well with the XPS analysis.
The elemental analysis of the CHN11_24 film (CH4/N, = 1:1)
removed from the glass electrode is (in wt %) C 67.68, H 9.88,
N 16.53. After summing up these values (94.09%), it is clear
that there is something more in the film, other than C, H, or N.
The remaining 5.91 wt % of the sample probably belongs to
oxygen. The IR vibrations in the higher frequency region at
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Figure 7. 'H NMR spectrum of the CD;OD extract of CHN11_24 <
film (CH4/N, = 1:1) recorded at 300.1 MHz (TMS as internal standard) 0l T Y T TR
showing broad proton signals for CH3, —CH,, X=C—CH,, and N—CH, 25 50 75 100 125 150 175 200

at 0 0.6—2.4 but no alkenyl or aryl C=C—H proton signals.

around 3330 cm™!, assigned partly to vo—y, and the XPS bands

assigned to C=0 species as discussed above, are supporting
the existence of oxygen in the film, possibly due to absorption
of moisture from air by reactive sites of the film. Thus, the final
film is made up of the elements C, H, N, and O. The fractional
empirical formula directly from elemental analysis and calcu-
lated by the elemental weight of carbon, hydrogen, and nitrogen
is Cs6Ho sN; 2,04

To get further information on the structural units included in
the film material, the solubility in various NMR solvents was
tested (insoluble in most solvents, sparingly soluble in metha-
nol), and a CD;OD extract, prepared by irradiating with
ultrasound, was measured by 'H and '*C NMR with an internal
standard of tetraethyl silane (TMS). The 'H NMR spectrum
shows superimposed broad peaks in the range 6 0.55—2.25 ppm
with maxima at 0.90, 1.10, and 1.30 ppm, assigned to —CHj;
and —CH, groups, respectively (Figure 7). Assuming roughly
equal overlap of CH; and CH, signals, the integration hints to
a proton ratio of about 1:2, i.e., on average, three CH,/CH;
groups. The broad low intensity absorption from 6 1.5—2.2 ppm
may be attributed to superimposed sp>-CH—C=C, sp’-
CH,—C=N sp’>-CH,—C=N (x = 1 or 2), or sp>-CH,—N(sp' )
structural units. The lack of fine splitting does not allow
conclusions on the connectivity of these structural units. The
absence of peaks in the region from ¢ 2.5 to 8.0 ppm except
solvent signals and a tiny singlet at 0 8.55 ppm, probably a
formyl group (H—C=O0), indicates that the soluble part of the
film has no aromatic and vinyl =CH groups. This fact is also
evident from the IR spectra by the absence of the indicative
=CH out-of-plane deformation bands in the region 665—995
cm™!. Attempts to get information on quaternary sp>-C, sp>-C,
and sp-C atoms without protons or closer details on the
microstructure of the alkyl groups by '*C NMR failed, even
after collecting 56 320 scans. Only a raised wavy basis line
within the upper noise level hints to very broad and flat bands
in the alkyl range. Possibly radical centers are present which
prevent sharp signals. The occurrence of linear and weakly
methyl branched alkyl groups with (iso)nitril end groups can
however be derived from the thermolysis mass spectrum.
Heating the CHN11_24 film material (from CH4/N, = 1:1) in
an aluminum crucible, placed in the push rod of the mass
spectrometer, showed a substantial total ionic current when
reaching around 300 °C and a strong current at 330 °C. This
indicates thermal decomposition of the film and cleavage of
groups which are less firmly bound at the film polymer and
give rise to molecular and fragment cations (EI 70 eV). The
residue left after heating formed a black hard layer on the inner

Figure 8. Thermolysis mass spectrum of the CHN11_24 film (CH./
N, = 1:1): (a) temperature dependence of the total ionic current; (b)
mass spectrum of the volatiles cleaved at 330 °C from the film material.
The base peak m/e 27 (CNH") and repeated fragment distances Am/e
14 (CH,) hint at —(CH,),—CNHT ions, i.e., cleavage of less firmly
(single) bound alkyl(iso)nitrile groups from the film as a major process
in the thermal decomposition.

CN/NC Chains growing
‘ at the surface

(CH): R'

2-Chbcnglymer film

Figure 9. Alkyl(iso)nitrile structural units detected in the CHN11_24
film (CH4/N, = 1:1) by 'H NMR of CD;OD soluble parts and thermal
cleavage of less firmly (single) bound groups (n = 0—3 in abundant
peaks, n = 4—8, and R = H, Me, m = 0—2 in weak peaks). R’ is
uncertain and might be H, C(O)NH,, or NCHO (e.g., from addition of
H,0 at reactive isonitrile groups). It is suggested that these groups grow
at the surface and are gradually converted to polymer during DBD
plasma exposure.

surface of the crucible. The mass spectrum of the cleaved
volatiles displayed m/e 27 (HCN™) as the base peak, followed
by strong peaks at m/e 41, 55, and 69 and weak peaks at m/e
83,97, 111, 125, and 139 (Am/e = 14, CH,), each forming the
maximum of wave-shaped peak clusters (Figure 8). The distance
to the maxima of the next small peak groups is 13 and then 15,
attributable to sp>-CH of branching sites (by lack of hints at
=CH in 'H NMR) and CHj, respectively. These findings
represent a series —(CH,),—CN/NC+H™ with strong peaks for
n = 0—3 and weak peaks for n = 4—8 as well as few additional
CHMe units in place of CH,. These observations suggest that
the film is made up of a nonvolatile polymeric a-CN,:H basis
material containing aliphatic substituents with (iso)nitrile end
groups. At least a part of these groups has CHMe units at the
end opposite the (iso)nitrile group (Figure 9). More or less long
fragments of these groups may be cleaved off during thermolysis
to give the observed peak pattern. The other strong peaks at
mle 43, 44, and 57 may be due to propyl, propane, and butyl
cations and/or to amide (—(CHg)n—CONH(z)*; n =20,1), imine
or formyl species (—(CH,),—CH,=XH"; X = NH, O, n = 1,2),
or CO," (for m/e 44). Thus, additional short amido-, imino-, or
carboxy-alkyl end groups at the polymer bulk are also possible.
Species with a relatively high ratio of substituents per polymer
form probably the CD3;0D soluble part observable in '"H NMR.
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IV. Discussion

As found typically for a-CN; films in the literature,%!3:19:2225-33

the C 1s spectrum exhibits four peaks which are located at (1)
around 284.5 eV for sp? C in graphite-like structures (C=C),
(2) around 285.55 eV for substitutional sp> N in graphite-like
structures (C=N), (3) around 286.5 eV for 3-fold-coordinated
N bonded to 4-fold-coordinated sp®> C (C—N) and C=N, and
(4) around 288—290 eV for C—O bonds. Similarly, the N 1s
spectrum exhibits three peaks which are located at (1)
398.2—398.6 eV, (2) 399—399.8 eV, and (3) 400—402.5 eV
and have been assigned to C—N/C=N, C=N, and N=0 or
N=N, respectively.®*!8192225-33 There is a significant difference
between most organic and inorganic compounds regarding
chemical shift in photoelectron spectroscopic measurement. In
a very simple model, it is assumed that the electrons are
completely transferred from the element with lower to that with
higher electronegativity.>?° This is an oversimplification, since
when the difference in electronegativity is small the bond has
an appreciable covalent character. A simple refinement of the
model is to assume that the bond is entirely ionic if the
difference in electronegativity is larger than 0.5 and entirely
covalent if the difference is smaller than 0.5 (in which case
only one-half of the charge in the ionic model is transferred).
For a-CN, films, the difference in electronegativity is ap-
proximately 0.54 (Pauling scale) (3.04 (N) — 2.5 (C) = 0.54).
In the above model, the film is slightly inclined toward polar
bonds (—CT=N"). With respect to N—H bonds, the electrone-
gativity difference is 0.84 (Pauling scale; 3.04 (N) — 2.2 (H)
~ (.84), which indicates the more ionic, strongly polar
properties (HT—N"). The total polarity (percent ionic character)
strongly depends on the N/C ratio.

Hydrogen atoms cleaved from methane or alkyl groups of
the film may attack and break or change the C=N bond and
form C—H and N—H bonds. This behavior is strongly undesir-
able from the viewpoint of obtaining crystalline 3-C3Ny. In the
ideal network structure of CN,, nitrogen would always be fully
coordinated by three carbon atoms. In this case, no chemical
conversions with changes in concentration can be expected. The
perfect carbon nitride, 3-C3N, or a-C3Ny, has been considered
as an extremely stable material, which hardly reacts with any
gas or other chemical at room temperature. Unstable carbon
nitride films, however, react with hydrogen under plasma
conditions, and then C=N or C=N bonds break and are
converted to C—H and N—H bonds.*' They also contain a high
concentration of dangling bonds, which cause the deviations in
interatomic spacing' > of more than 5%, and noticeable variation
in bond angle. However, FTIR spectroscopy showed the
presence of hydrogen in the a-CN,:H network in the form of
N—H bonds (in addition to the formation of C=N bonds) with
increasing N incorporation. These results are interpreted in terms
of an atomic structure consisting of a carbon backbone sur-
rounded by a nitrogen and H layer.**** The formation of
polarizable C=N bonds increases the negative charge at the N
atoms and induces the formation of an asymmetric shoulder
toward lower binding energies. In the case of paracyanogen
(C=N),,, the carbon atom can add two hydrogen atoms (per unit)
to become stabilized. In turn, C—H and N—H bonds formed in
advance can return C=N and/or C=N bonds. Therefore,
hydrogen-defected carbon nitride films can provide dangling
sites to capture water molecules physically or chemically. Figure
9 shows the proposed molecular structure of the deposited
polymer film of CHN11_24 film (CH4/N, = 1:1), which has
been established from the combination of XPS and elemental
analysis, FTIR, NMR, and thermolysis mass spectrometry. It
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can be expected that the other deposited films contain similar
linear groups at the CN, polymer, possibly with changed ratio
of CN containing and nitrogen free alkyl groups and varying
chain lengths depending on the wt % of C, N, and H. More
intense methyl signals may mean a relatively higher content of
(CH,),—R’ with n = 1 and R” = H (Figure 9). Finally, because
chemical polymerization of isonitriles to insoluble, nonmelting
polymers is known,*+ the detection of volatile alkyl(iso)nitrile
moieties cleaved from the polymer puts the question, if the
nonvolatile a-CN,:H basis material may result from primary
formed alkylisonitriles by polymerization in the DBD plasma.
To answer this question would be a challenging task for further
investigations on the mechanism of a-CN,:H deposition in DBD
plasma.

V. Conclusions

In conclusion, we propose that the hydrogenated carbon
nitride (a-CN,:H) film deposited by CH4«/N, DBD plasma is
composed of polymeric a-CN,, which is substituted by linear
alkyl(iso)nitrile, short alkyl, and some other groups. Comple-
mentary elemental analyses satisfactorily support the results
obtained from XPS with respect to elemental composition and
N/C ratio. FTIR spectra suggest that the majority of the
incorporated nitrogen atoms belong to C=N, possibly also some
primary amide (CONH,, same band range), N—H, C=N (nitrile/
isonitrile), and C—N bonds. CH,/CHj; bands in IR in combina-
tion with thermolysis mass spectrometry of the film and 'H
NMR signals for aliphatic residues in the soluble parts hint at
saturated alkyl chains with nitrile and isonitrile end groups as
part of the film material. These moieties may represent
intermediate growing species which convert to the polymeric
material during exposure to DBD plasma.
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