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ARTICLE INFO ABSTRACT
Articlf history: The chemical composition and bond structure of polymer like amorphous hydrogenated carbon nitride (aH-
Received 20 May 2008 CN,) thin films was studied by solid-state *C and 'H MAS NMR spectroscopy, FTIR spectroscopy and
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" ) elemental analysis. The hydrogenated CN, film was deposited on Si (100) substrate by CH4/N, gas mixture
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dielectric barrier discharge (DBD) plasma. The broad 'H signals obtained even at 33 kHz spinning speed with
spinning side bands indicates the existence of a large proton proportion in the film. The 'H and '3C signals are

I;ggsé.Mq strongly broadened due to homo- and heteronuclear dipolar couplings and also due to amorphous nature of
82.80.Gk the deposited film. The local structure of the amorphous aH-CN film is dominated by C-C and C-N single
73.50.Td bonds i.e. carbon is mainly in the sp* hybridized state. The Fourier Transform infrared (FTIR) spectroscopy of
68.55.Nq the film indicates the typical regions for -C=N, -(C=0), -NH, vibrations together with overlapping NH and OH
82.80.-d stretching bonds. CH; and C-N groups as well as species with C=N conjugated double bonds are present in
36.20.Hb the deposited CN, film. From elemental analysis it is obtained that the composition of the film is (in wt.%): C:
68.35.Dv 61.8, H: 8.4, N: 17.7.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction Carbon nitride films have been fabricated by various techniques
such as: plasma enhanced chemical vapor deposition (PECVD) [6,7],

Amorphous hydrogenated-carbon nitride (aH-CN,) films have  chemical vapor deposition (CVD) [8], magnetron sputtering [1], ion
been attracting great interest for industrial applications mainly  peam assisted deposition [9,10], pulsed laser deposition [11,12], or
because of their excellent mechanical, tribological and optical dielectric barrier discharge (DBD) plasma [13,19,20,33]. Mostly
properties as well as in biomedical application. In addition, they are  previous research work is focused towards the combination of sp,
chemically inert. The hardness and elastic property of the a-CN, film sp2, and sp3 hybridized structure in hydrogenated CN, films and
have been studied widely. So far it is mostly proposed that CN films  relatively hard and elastic materials as it is theoretically estimated that
consist of graphite-like bonds (carbon in sp2 hybridization) with the beta-carbon nitride film is harder than diamond [14]. Still to date
incorporated nitrogen which is crosslinked with sp® hybridized Csites  several works have been published on the basis of hardness, elasticity,
[1]. The relative fractions of sp2 and sp3 hybridized carbon in  graphite (sp2) band orientation and also nanocrystalline diamond
amorphous CN, have been studied by electron energy loss spectro-  structure of the CN, film [1,5,15]. In our previous work the layer
scopy (EELS) [2-4] and near-edge X-ray absorption fine-structure  thickness, refractive index, quantitative description of the film surface
spectroscopy (NEXAFS) [5]. However till to date, no concrete  and chemical composition of the amorphous H-CN, film have been
quantitative measurements of the amount of sp2/sp3 hybridized  mentioned [13].1t was found in AFM, that the deposited hydrogenated
carbon and possible structural chemical formula have been I‘eported carbon nitride film is amorphous and inhomogeneous in nature.
in the literature. However, most of the earlier NMR work on carbon nitride film has
been focused on hard/elastic hydrogenated materials, hydrogenated

carbon materials deposited at ambient temperature. The focus of this

* Corresponding author. Tel.: +49 3834864784; fax: +49 3834864701, report is more on a hydrogenated amorphous carbon nitride film
E-mail address: majumdar@physik.uni-greifswald.de (A. Majumdar). which is a polymer like soft film rather than hard film [8,13,16-18]. At
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Fig. 1. "H MAS NMR spectrum of aH-CN, taken at 33 kHz spinning speed. (Spinning side
bands are indicated with asterisks; the central line is given with its decomposition as
insert).

present, the results of the solid state 'H and '>C MAS NMR of an
amorphous hydrogenated CN, film deposited by DBD plasma,
interestingly differ from those of others previous research works.

In this paper, we report the solid state 3C, 'TH MAS NMR, FTIR and
elemental analysis results on an aH-CN; film deposited by CH4/N, DBD
plasma which is a polymer like film and exhibits broadened
overlapped spectra of several bands.

The solid-state nuclear magnetic resonance (NMR) spectroscopy is
used to distinguish between different 'H and 'C sites if possible
compared to results of FTIR spectroscopy. Elemental analysis allows
the quantitative determination of carbon, nitrogen and hydrogen
present in the aH-CN, film.

2. Experimental

The aH-CN, film was deposited on 20 mm diameter p-type Si (100)
substrate as well as the dielectric electrodes (upper electrode is Al,05
and ground electrode is glass) by CH4/N, DBD plasma. The Si wafer
was used as dummy substrate and it is located on the glass electrode.
The experiment was performed at a pressure of 300 mbar and with a
CH,4/N, mixture ratio at 1:3. The experimental set up has been
explained in details elsewhere [19,20]. The electrical power consumed
during experiment was 5 W, where the peak to peak voltage was
10.5 kV at 5.5 kHz.

For the NMR analysis, 9 pm-thick film was obtained by 8 h
deposition. The 200 mg material was subsequently scraped off from
the electrode substrate. The same material was used for the elemental
analysis. The film deposited on Si (100) wafer was used for FTIR
spectroscopic measurement. The deposited film was investigated by
means of the following techniques.

'H and 'H—'3C CP MAS NMR spectra were recorded on a Bruker
AVANCE 400 spectrometer (Larmor frequencies: v{3=400.2 MHz,
V13¢=100.6 MHz) using both a 2.5 mm and a 4 mm MAS probe (Bruker
Biospin). The applied spinning speeds are given in the caption to the
figures. "H MAS studies were made with a /2 pulse length of 3.2 us
and a recycle delay of 10 s (16 accumulations). Existent background
signals of 'H could be completely suppressed with the application of a
phase-cycled depth pulse sequence according to Cory and Ritchey
[21]. The contact times of the 'H—'3C CP MAS NMR experiments were
optimized as 500 ps, the recycle delay was 10 s and the experiment
was performed with an accumulation number of 7100. Values of the
isotropic chemical shifts of 'H, and '3C are given with respect to TMS.

Fourier transform infrared (FTIR) transmission spectra were
obtained by means of FTIR spectrometer Bruker (Vector 22). The

plain sample was placed in a vacuum chamber built into 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 spectral resolution 4 cm™'. For
optimal signal-to-noise ratio 50 scans were averaged per sample
spectrum and apodized by applying of the Norton Beer apodization
function for Fourier transformation. Interferograms were zero-filled
using a zero-filling factor of 2. The background spectrum was
measured on a pure silicon substrate independently.

The elemental analysis of the samples was performed with a LECO
CHNS-932 combustion equipment (C, H, N).

3. Results and discussions
3.1. ¥ N and "H nuclear magnetic resonance

Fig. 1 shows the 'H MAS NMR spectrum of the deposited carbon
nitride film recorded at a spinning speed of 33 kHz. The central line of
the spectrum given in Fig. 1 is broad and together with the still visible
spinning side bands it indicates the existence of a large number of
protons in the deposited film. The spectrum can be simulated taking
into account three different lines with Lorentzian line shape at
0.9 ppm (24.5%), 2.0 ppm (25.2%) and 4.3 ppm (50.3%). The narrow line
at 0.9 ppm is in the typical area of -CH3 groups, but also non-bridged -
OH groups at the surface may contribute to this signal [21,22]. The
more low-field shifted signals cover the range of -O-CH,-, CH-0O, CH3-
N, or C-NH; units in the matrix. However, also surface adsorbed water
molecules can give a pronounced contribution to the broad signal at
about 4 ppm in addition [21,22]. The latter was shown for another
(CN), sample by Gammon et al. [23].

Fig. 2 shows the 'H-13C CP MAS NMR spectrum taken in the 4 mm
probe with a spinning speed of 10 kHz. Two main signal areas can be
assigned, one at 173 ppm and a broad, slightly structured signal
between 10 ppm and 60 ppm, with an asymmetric tail in the low-field
part of this signal. The spinning side bands are indicated in addition.
Due to the amorphous, disordered nature of this sample, the observed
signals are broad, overlapped and only hardly to assign. The main
intensity of the spectrum lies in the range between 10 and 80 ppm. In
contrast to and in comparison with previously published studies on
amorphous (CN)y films [1] it is obvious that the present aH-(CN)y
sample is dominated by CH3-C or CH3-N units giving resonances
between about 10 and 40 ppm. This means, carbon is mainly in the sp>
hybridized state. The signal area between 40 and 80 ppm may be due
to contributions of C-N single bonds with lower proton content at the
carbon atoms. Moreover, comparing the chemical shift region around
150 ppm (Fig. 2) with previous results [1], C=N double bonds are less
probable in the sample. However, an additional signal at ~173 ppm
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Fig. 2. 'H-3C CP MAS spectrum of the aH-CN, film taken at 10 kHz. The resolved
spinning side bands are indicated as asterisks.
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supports the existence of few C=0 groups. Due to an overlap with
spinning side bands in the region at 120 ppm, a possible existence of
few C=N triple bonds may be covered.

3.2. Fourier transforms infrared spectroscopy (FTIR)

The nature of the deposited films required a spectral allowance for an
extinction inhomogeneity across the surface and long wave interference
effects in the bulk. Therefore base line correction of the recorded spectra
was performed by the concave elastic band method. Typical IR
transmission spectra are shown in Fig. 3, within the range from
4000 cm™' to 700 cm™ . According with the Bouguer-Lambert-Beer
law the interval of integral absorption coefficient (2.6+1.5)x10%* m™"' is
characteristic for all deposited layers. The transmission spectrum of the
deposited hydrogenated carbon-nitride films is characterized by several
typical spectral regions. The band between 3100 cm™! and 3700 cm™ ! is
attributed to stretching vibrations of NH and OH functionally groups
[13,24,25].

The region 3140-3500 cm™ ! is attributed as overlapping NH and OH
band. More precisely, in the region 3300-3490 cm™ ! is referred as anti-
symmetric NH, stretching band and at 3140 to 3300 cm™ ! is H bonded
NH symmetric stretching band. However the separation of the
overlapped bands is very complicated due to intermolecular interac-
tions as H-bridges, which are very intensive in this region and cause
the broadening of the bands. There are two consecutive intervals that
appeared at 2965 cm™ ! and 2884 cm™ ! which are attributed to -C-CH3
and =CH band respectively [26]. The intensity of the bands is low
(absorption up to 1%) and is related with the concentration of methane
in the gas discharge. In addition to this, we note (see Fig. 3) a fine
absorption band around 1600 cm™ ! that is due to the sp? carbon and is
normally IR forbidden [25]. The appearance of this feature suggests
that the incorporation of nitrogen breaks the sp? symmetry and makes
this feature IR active [27,28]. The band from 2250 cm™' to 2100 cm™ ! is
triple bond configuration and absorption peak at 2185 cm™' is
conjugated stretching vibration band so called nitrile group (-C=N).
The region from 1580 cm™! to 800 cm™! is characterized by a large
number of banding vibrations and intermolecular interactions.
Absorption in this region can be interpreted as quality of cross-linking
of the deposited structure. However, any qualitative properties of the
region are pointed. The board band including the region at 1600 to
1635 cm™ ! usually referred as the band of water molecule deformation
vibrations and generally it is weak band [29]. But the appearance of
deformation H,0 band is pressure dependent and it appear at GPa,
high pressure range (low vacuum) where our experimental condition
is at low pressure (~300 mbar or 3 kPa) range. It is obvious that the
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Fig. 3. A typical FTIR transmission spectra of aH-CNj film deposited in mixture of CH4/N,
(1:3) at f=5.5 kHz.

@ ) .
=Z
H ;4 El [|1
N H H

N¢ B( o H N B(H
H H H N H Yy H y

o 0

CsHgN, O, CsHgN O

Fig. 4. The approximate empirical formula of the deposited polymer aH-CN, film can be
expressed as Cs,Hg 4N13(0pg), where (a) and (b) are the two possibilities by changing
the nitrogen position in polymer chain.

broad band at 1560 cm™! to 1680 cm™ ! is attributed to amide carbonyl
group ((=C=0)NH) and possibly weak C=N stretching band [30,31]. The
absorption band observed at 1350 cm™'-1480 cm™ ! corresponds to the
C-N single stretching bond [31]. Finally, the absorption peak at
1080 cm™! to 1160 cm™! corresponds to the C-O (ketones group)
stretching mode [32]. The absorption peaks appear in a regular way
with different intensities in the IR spectrum. From Fig. 3, we see that
the bands attributed to 1350-1480 cm™ !, 1560-1665 cm™ ' and 2100~
2250 cm™ ! respectively, indicating the carbon and nitrogen atoms in
the CN, film are linked as C-N/CH, or CHs3, Amide carbonyl group
(possibly weak C=N bond) and C=N bonds.

3.3. Elemental analysis

From elemental analysis it is obtained that the composition of the film
is the following (in wt.%); C: 61.8, H: 8.4, N: 17.7. After summing up these
values (87.9 wt.%) it is clear that there is something more the film, not
belonging to C, H, or N. This means that 12.1 wt.% of the sample belongs to
one or more other elements. Due to the indications given by *C MAS NMR
(signal at 173 ppm, C=0 bonds) and the IR vibrations discussed at about
1100 cm™! caused by the same structural unit, along with the already
mentioned presence of OH groups on the surface, the existence of oxygen
in the sample is suggested. A transfer of the composition given in weight
percentages into a molar one allows to derive the approximate
composition of this polymer aH-CN, film as: Cs,Hg4N;3(0gs). Based on
these above findings, Fig. 4(a and b) proposed the following examples of
structural motifs for the aH-CN, polymer film.

The broaden side bands in Fig. 1; indicate the existence of a large
number of protons in the deposited film. The presence of -CHs groups
and also non-bridged -OH groups supports the results obtained from
FTIR spectroscopy. The overlapping NH and -OH band has been
observed in FTIR spectrum. The 'H and '°C signals are broadened due
to strong homo and hetero-nuclear dipolar coupling and due to the
amorphous nature of the film deposited film. For that reason we
obtained few broad signal and which are not so easy to interpret.
However, also surface adsorbed water molecules can give a
pronounced contribution to the broad signal at about 4 ppm in
addition [21,22]. On the other hand, two main signal areas can be
attributed from Fig. 2, one at 173 ppm and another is slightly
structured as well as broad signal between 10 ppm and 60 ppm, with
an asymmetric tail in the low-field part of this signal. Due to the
amorphous, disordered nature of this sample, the observed signals are
broad, overlapped and only hardly to assign. Relatively low-field
shifted signals cover the range of -0-CH,-, CH-O, CHs-N, or C-NH,
units in the matrix. The present aH-(CN), film is dominated by CH3-C
or CHs-N units giving resonances between about 10 and 40 ppm
which is in contrast with previously published studies on amorphous
(CN), films by Gammon et al. This means, carbon is mainly in the sp>
hybridized state. Due to an overlap with spinning side bands in the
region at 120 ppm, a possible existence of few C@N triple bonds may
be covered. Fig. 3 depicts the presence of nitrile group at 2180 cm™!
and also the presence of double bond structure (C=N or C=C) at



2016 A. Majumdar et al. / Surface & Coatings Technology 203 (2009) 2013-2016

1600 cm™ ! which eventually support the results obtained from NMR.
More over the presence of C-N in the aH-(CN), film is observed in both
FTIR and NMR spectrum. The approximate composition of this
polymer aH-CN,, film can be expressed as: Cs,Hg 4N13(00g) obtained
from elemental analysis.

4. Conclusions

From FTIR spectroscopy it has been obtained that the carbon and
nitrogen atoms in the aH-CN, film are mainly present as C-N, CH; or
CH5 at 1350-1480 cm™!, and amide carbonyl groups ((=C=0)NH,
including possibly weak C=N stretching bond) at 1560-1665 cm™ .
Furthermore, -C-CH; and =CH bands at 2884-2965 cm™ !, C=N bands
at, 2100-2250 cm™! and overlapping NH and OH bands at 3140-
3500 cm™ 'appear. These results are in agreement with findings of
solid state NMR experiments indicating the dominating CHs-C or CHs-
N groups in the matrix, accompanied by few C=0 groups. Elemental
analysis proposed the approximate composition of this polymer aH-
CNy film as: Cs55Hg.4N13(00s).
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