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Abstract

Carbon nitride films have been deposited by dielectric barrier discharge with a CH4/N, gas mixture at different conditions. Fourier Transform
Infrared (FTIR) spectroscopy, X-ray photo electron spectroscopy (XPS), Raman spectroscopy, Atomic force microscopy (AFM) and ellipsometry
were used to systematically study chemical composition, bond structure and surface morphology of deposited films. Various bonds between

carbon, nitrogen, hydrogen, and also oxygen were observed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There has been much interest in the deposition of thin
carbon-nitride films since Liu and Cohen [1] predicted the
hypothetical 3-C3N4 compound with properties comparable to
diamond. Such films are complicated to characterize due to
absence of a reference compound, the lack of long range order,
and a poor knowledge about the bonding structure.

Carbon nitride films have been fabricated by various
techniques such as, chemical and plasma-enhanced chemical
vapour deposition (CVD, PECVD), sputtering [2—4], ion beam
assisted deposition [5,6], pulsed laser deposition [7—9], cathode
vacuum arc [10,11], and microwave plasma CVD [12].
Amorphous carbon nitride (CN,) films have many attractive
properties such as extreme hardness, low friction coefficient,
chemical inertness, variable optical band gap, and good wear
resistance. Chemical analysis by means of X-ray photo electron
spectroscopy, Fourier Transform Infrared (FTIR) and Raman
spectroscopy reveal that the majority of the incorporated
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nitrogen atoms are in the form of C=N triple bonds (nitrile
group), overlapping of C—=C and C=N conjugated double
bonds, overlapping of NH and OH stretching bonds [13—16]. In
this paper, we report the use of a dielectric barrier discharge at
elevated pressures of a N,/CH, gas mixtures to investigate
changes of chemical composition and chemical bonds of
deposited films in correlation with deposition parameters, in
particular, gas composition.

2. Experiment
2.1. Experimental setup

The experimental setup is shown in Fig. 1. It consists of a
plasma chamber that is made of stainless steel. The inner
dimensions of the chamber are height 12.3 cm, length
18.0 cm, and width 15.0 cm, yielding a chamber volume of
3320 cm’. The two electrodes are made from Ag plates with a
length of 8.3 cm, width 3.3 cm, and thickness 0.15 cm. Both
Ag electrodes are covered by dielectrics: the upper (powered)
electrode is covered with aluminium oxide (& = 10); the lower
(grounded) electrode with a glass plate (¢=3.8). The substrate
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Fig. 1. Experimental set-up (schematic).

is located on the glass electrode. The electrodes are separated
by 0.15 cm from each other. 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 a base pressure of about 10 mbar. The
experiments were performed at a pressure of 250-300 mbar
and with varying (1:20, 1:10, 1:5, and 1:1) CH4/N, gas ratios.
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 high voltage power supply consists of a frequency
generator delivering a sinusoidal output that is fed into an audio
amplifier. The amplifier can be operated up to 500 W; its output
is fed into a spark plug transformer. Experiments were
performed at 10.5 kV (peak-to-peak) and at 5.5 kHz. The
electrical power under these conditions was 5 W.

Gas composition of stable reaction products only was
detected by a mass spectrometer (Balzers QMS 200) pumped
by a turbomolecular pump (Pfeiffer TSU 062H) to a base
pressure of about 1x10™® mbar. A capillary tube of length
103 cm and inner diameter 0.01 cm connects the mass
spectrometer with the plasma chamber. A pressure of
10"? mbar at the entrance to the mass spectrometer is
maintained during the experiments with the help of a second
turbomolecular pump (Balzers 071P). The mass spectrometry
results have been published separately [17].

The deposition time was typically about 2 h. The deposited
films were investigated by means of:

® 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
vapour, 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.
Finally 5 spectra were analysed corresponding to 5 thin film
samples deposited at different plasma conditions.

e X-ray photoelectron spectroscopy (XPS) measurements of
the CN, films were performed on a VG Microtech (CLAM2:
Multi-technique 100 mm hemispherical electron analyser)
X-ray photoelectron spectroscope, using Mg Ka radiation
(photo energy 1253 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 constant
analyser energy mode, pass energy of 23.5 eV, 0.125 eV/
step, and at a chamber pressure of 10~ ° mbar.

e Raman spectroscopy made use of a spectrometer that is
oriented as a micro confocal system (Jobin Yvon, Model-
LabRAM HR-800). A 632.18 nm red laser is used as a light
source. The slit width is 400 pm and the confocal hole is
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Fig. 2. A typical FTIR transmission spectrum of CN, film deposited in mixture
of CH4/N, (1:10). Four sections of the spectrum characterize CN, films
generally: region A (3100-3700 cm ™ ") refers to NH and CH groups, B (3010—
2810 cm ') is attributed to CH, and CH; groups, C (2260-2090 cm ') is
attributed to nitrile (C==N) group (2177 cm~ 1, and D (1580-800 cm™ ') is the
fingerprint region.
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600 pm in diameter. The grating used in spectrograph is of
600 grooves/mm. The CCD is used as a detector. The
objective for focusing the light is 100X while the Raman
configuration is in backscattering configuration.

® Atomic force microscopy (AFM) is a powerful tool to
characterize the surface morphology, and quantitative surface
roughness in the nanometer scale can be measured. Surface
topographies of the CN films were investigated by a
NanoScope IV AFM (M/S Veeco, USA) in the tapping
mode at ambient conditions. A silicon cantilever with a sharp
silicon tip is used for the measurement. The radius of
curvature of the Si tip is around 10 to 15 nm. We varied the
scan areas from 1 x 1 pm? to 5 x5 pm? with 256 x 256 pixels.
In order to avoid an overestimation of the surface roughness
resulting from the presence of a tilted plane when examining
the film surface by AFM, the line-by-line flattening of the
AFM images was made in the fast direction using the
NanoScope data processing software.

e Ellipsometric measurements have been performed by means
of spectroscopic ellipsometer S2000 (Rudolph Research).
Data analysis was made with software WVASE (Woollam).

3. Results and discussion
3.1. Fourier transform infrared spectroscopy (FTIR)

The general strategy of the data evaluation was identical
with standard spectroscopic techniques. 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. A typical IR transmission spectrum is shown in Fig. 2
within the range from 4000 cm ' to 700 cm™'. The spectra
were recorded ex-situ for the films prepared under varying
CHy4/N, ratio. IR transmission spectrum of the films deposited
at different mixture concentrations of the reactive gases CHy4/
N, is presented in Fig. 3. According to the Bouguer—
Lambert—Beer law the interval of integral absorption coeffi-
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Fig. 3. Analysis of FTIR absorption of deposited CN, films. FTIR transmission
spectra of three films are analyzed exemplary: A: absorption of NH and OH
groups, B: CH, and CHj3 groups, C: (C=N) nitrile group, D: absorption in the
fingerprint region.
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Fig. 4. The nitrogen-to-carbon (N/C) ratio versus CH4:N, gas ratio obtained
from XPS analysis of deposited CN, films.

cient (2.6+1.5)x10* m™' is characteristic for all deposited
layers. The transmission spectrum of the deposited carbon-
nitride films is characterized by four typical spectral regions.
Region A between 3100 cm™ ' and 3700 cm™ ! is attributed to
stretching vibrations of NH and OH functionally groups
[13,14]. However the separation of the overlapped bands is
not possible due to intermolecular interactions as H-bridges,
which are very intensive in this region and cause the
broadening of the bands.

Region B (3010-2810 cm™ ') is characteristic for CH, and
CHj; groups [15]. All vibration modes (antisymmetric as well as
symmetric stretch) are present in the spectrum. The intensity of
the bands is low (absorption up to 1%) and is positively
correlated with the concentration of methane in the gas
discharge. In addition to this, we note in the fingerprint region
D a strong absorption band around 1600 cm™ ' (Fig. 2) that is
due to the sp” carbon and is normally IR forbidden [14]. The
appearance of this feature suggests that the incorporation of
nitrogen breaks the sp® symmetry and makes this feature IR
active [16,18].

Region C from 2260 cm™ ' to 2090 cm ™' is diagnostically
important. The narrow absorption single peak at 2176 cm™ ' is
attributed to C==N triple bond stretching vibration (so called
nitrile group). The so-called fingerprint region D from
1580 cm ™' to 800 cm ™' is characterized by a large number
of banding vibrations and intermolecular interactions. Absorp-
tion in the fingerprint region can be interpreted as quality of
cross-linking of the deposited structure, however the rigorous
analysis of fingerprint region requires additional diagnostics as
Raman spectroscopy. The band at 1645 cm™ ' to 1665 cm™ ' is
attributed to C=—C and C=N stretching mode [19]. The
absorption band observed at 1350—1480 cm™ ' corresponds to
the C—N single bond stretch [19]. Finally, the absorption peak
at 1080 cm™ ' to 1160 cm™ ' corresponds to the C—O stretching
mode [20].

The absorption peaks appear in a regular way with different
intensities in the IR spectrum. The peaks are appearing at the
same position in all the measurements but the peak intensities
change according to a change of the CH4:N, ratio. We note
from Fig. 2 that the bands at 1350-1480 cm ', 1645
1665 cm™ !, and 2160-2290 cm ™! are attributed to carbon and
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Fig. 5. Si-2p XPS spectra of partly removed CN, film on Si substrate (see text).

nitrogen atoms in the CN, film that are linked as C—N, C=N
and C=N bonds, respectively. Analysis of deposited films
reveals that the concentration of nitrogen atoms in the
deposited film increases with increasing N, ratio of the
CH4/N, gas mixture (Fig. 3), as does absorption by the C=N
nitrile (C) group, while the intensity of CH,/CH;3 absorption
band (B) decreases.
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Fig. 6. Typical (a) C-1s and (b) N-1s XPS spectra of CN, films (CH4/N,=1:10,
N/C=0.57.

3.2. X-ray photo electron spectroscopy (XPS)

The N/C ratios of the deposited films were measured by
XPS. The measured ratios are 0.60, 0.57, 0.47, 0.24 for different
CH4/N, mixture of 1:20, 1:10, 1:5, 1:1 ratios respectively
(Fig. 4). C-1s and N-1s XPS peaks are broadened and become
more asymmetric with increasing nitrogen concentration. These
effects are clear indication that nitrogen is involved in chemical
bonds with carbon in different chemical states, e.g., C—C or C—
N bonds. A certain image of the possible chemical bonds
between nitrogen and carbon can be deduced from a de-
convolution of the individual C-1s and N-1s lines into Gaussian
line shapes [21]. The best Gaussian 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 de-convolution, all spectra have been fitted with equal
line widths (full-width-at-half-maximum, FWHM) of the
involved individual peak, thereby reducing the number of free
parameter 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 reference as
shown in Fig. 5. We used an amorphous CN, film on an 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. The results presented below have been
corrected by subtracting the experimentally observed shift for
all the analysis.

Typical C-1s and N-1s XPS specta are displayed in Fig. 6.
The C-1s spectrum exhibits peaks at 284.84 eV (C1), 286.17 eV
(C2), 287.84 eV (C3), and 289.38 eV (C4), which have been
attributed to C=C, C=N, C-N or C=N, and C-O bonds,
respectively [21-23].

Similarly, the de-convoluted N-1s spectrum shows 3 peaks at
399.12 eV (N1), 400.00 eV (N2), and 401.25 eV (N3) which
have been assigned to C—N or C=N, C=N, and N-O bonds,
respectively [21,23]. The N-sp® C and N-sp C peaks have been
assigned within the range 398.5 eV to 399.12 eV and 400.0 eV
to 400.7 eV, respectively. Due to this strong interference of the
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Fig. 7. Decomposition of C-1s XPS spectrum into 4 peaks (C1, C2, C3, and C4,
see text).



A. Majumdar et al. / Surface & Coatings Technology 201 (2007) 6437—6444 6441

energetic positions it is difficult to distinguish between C—N
and C=N spectral lines in N-1s XPS analysis.

Evidence for the above interpretation has been derived from
a comparison of measured binding energies of nitrogen-
containing organic polymers [21,22]. Accordingly, the above
mentioned BEs of the carbon nitride films agree reasonably well
with that of, e.g., pyridine (C=N bond, sp® hybridization)
having a C-1s BE of 286.17 eV and a N-1s BE of 399.1 eV,
hexa-methylene-tetra-amine (HMTA) or urotropine (C—N bond,
sp° hybridization) exhibiting C-1s BEs of 287.3 eV and
287.8 eV, respectively, and a N-1s BE of 400.0 eV, and
polyacrylonitrile (C==N, sp hybridization) having a C-1s BE of
286.4 eV and a N-1s BE 0f 399.12 eV. Since the corresponding
C-1s BE 0f 287.8 eV is much closer to that of materials with sp>
configuration (286.9 and 287.8 eV), except for that of
polyacrylonitrile, which has sp configuration (286.4 eV), it
can be inferred that sp> C—N bonds, instead of sp C=N bonds,
exist in the carbon—nitrogen hybridization phase. At the same
time the oxygen content in the CN, films is about 9 to 10%, as
deduced from XPS analysis. The symmetrical O-1s peak at
532.1 eV might be attributed to adsorbed oxygen on the film
surface, which is due to contamination of the sample in open air
[24,25].

Identification of particular bonds has some difficulty,
however. For example, a peak appearing at 286.4 eV near
the C2 peak position is sometimes attributed to the nitrile
group (C=N) [26], while XPS analysis of laser-ablated
Kapton foils shows the same peak at 287.5 eV close to the C3
peak position [27]. The energetic position of the sp?> C—-N
peak is assigned within the range 285.5-285.9 eV, and the sp’
C—N peak is assigned within the range 287.0 eV to 287.8 eV.
These wide spectral ranges cause a significant difficulty for a
clear distinction between C—N and C=N bonds [28] in the
analysis of C-1s XPS spectra.

It can be deduced from Fig. 7 that carbon—nitrogen bonds
(C2+C3) irrespectively of the exact chemical bonding
increase with increasing nitrogen content of the N,/CH, gas
mixture, at the expense of carbon—carbon and carbon—oxygen
bonds. It follows from Fig. 8 that the fraction of carbon—
nitrogen bonds (N1+N2) remains relatively constant with
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Fig. 8. Decomposition of N-1s XPS spectrum into 3 peaks (N1, N2, and N3, see
text).
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Fig. 9. Visible Raman spectra of CN, film (CH4/N, gas mixture of 1:1).

changing gas mixture. No evidence for nitrogen—nitrogen
bonds has been provided by the XPS analysis.

3.3. Raman spectroscopy

The visible Raman spectrum between 900 cm ' and
4000 cm™ ' for the CN, film is shown in Fig. 9. The band
appearing around 1600 cm ™' is so-called G band. It is well
known that there is a broad peak in the Raman spectrum of single
crystal graphite, originating from the phonon at the Brillouin
zone center and satisfying the momentum selection rules at k=0.
A small peak at 1380 cm™ ' is called disorder band (D band). The
peak at 1452 cm™ ' represents a combination of methyl (~CH3),
carboxyl group (=C-O-C= or =C-0-H) and nitrate

() 10nm

(b) 10 nm

0

Fig. 10. Three-dimensional AFM images of CN, film on Si substrate. (a) CHy:
N,=1:1 and (b) CH4:N,=1:20.
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Fig. 11. RMS roughness of CN, film on both Si and glass substrate.

polymer (=N—-O—-N=) compounds. The appearance of any
other band in the Raman spectra of carbon materials is attributed
to the breakdown of the selection rules due to disorder in the
structure [29,30]. Therefore, it is concluded from the Raman
spectrum shown in Fig. 9 that there are disordered bond angles in
the graphite structure (sp® bonds) of the carbon matrix. The
characteristic peak assigned to a covalent —C=N bond at
2233 cm™ ' is so called nitrile group. The large overlapping
region from 2821 cm™ ' to 3020 cm™ ! refers to single stretching
bonds of N-H, C—N and free —OH radicals which is indicating
that the film deposited by dielectric barrier discharge of CH4/N,
contains large amounts of nitrogen [31].

3.4. Atomic force microscopy

Fig. 10 presents typical three-dimensional topographies of
several CN films with different CH4/N, mixtures. For smaller
ratios of the nitrogen contents, the film shows a three-
dimensional island growth. The average size of the islands as
measured from the sectional profile typically ranges between
30 nm and 40 nm for 1:1 CH4/N, mixture.
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Fig. 12. Measured ellipsometric angles 4 (®, 6,=65° A 0,=70° V; 0,=75°)
and ¥ (O, 0,=65% A; 0,=70°% V; 0,=75°) of CN, (CH4/N,=1:10) film
deposited on Si substrate versus wavelength and for different angles of
incidence 6;. Solid curves represent fits employing a polynomial function based
on the Cauchy relation (see text).

Table 1

Fit parameters of real and imaginary part of refractive index and layer thickness
Fit parameters Layer 1

A, 2.0704+0.0964
B, —=0.2901+0.0517
C, 0.02804+0.0714
Ag 0.33831+0.0168
By 3.1924+0.224
d (nm) 66+13.1

As the CH4:N; ratio decreases the islands gradually flatten
down and the surface becomes smoother. The surface roughness
of the underlying Si substrate is about 0.6 nm, whereas the
roughness of the film in the plateau region is about 0.25 nm
which indicates that the present CN, film is much smoother
compared to CN,, films deposited by vapour deposition, such as
radio-frequency plasma enhanced pulsed laser deposition (RMS
roughness below 1.0 nm) [32]. Apparently, more deposition
occurs in valleys of the Si surface than that on the crests. It may
also indicate that plasma ions injected into growing films tend to
grow atomically smooth films.

Fig. 11 shows the evolution of RMS roughness for a
2x2 umz sample area as a function of the N, ratio in CH,4/N,
mixture. It can be seen that the surface roughness of the
deposited CN film decreases exponentially with increase of the
N, ratio.

3.5. Analysis by ellipsometric measurement

The comparison between ellipsometric results and theoret-
ical model fit considering the growth of an inhomogeneous
layer allows a quantitative description of the deposited surface.
The investigated wavelength region was 400—800 nm. The
experiments have been performed for three different angles of
incidence 0;=65°, 70°, and 75°. Fig. 12 displays our results for
the ellipsometric angles 4 and ¥ that are related to the layer
thickness d and the optical constants of the film. As can be seen
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Fig. 13. Optical constants as derived from the ellipsometric measurements
versus wavelength of the deposited CN, (CH4/N,=1:10) film. Real part of
refractive index (n) as derived from a fit based on the Cauchy relation (solid line)
and from a point-to-point fit (@); extinction coefficient (k) as derived from a fit
based on the Cauchy relation (dashed line) and from a point-to-point fit (O).
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from Fig. 12, the phase angle A4 increases as wavelength
increases, indicating that the phase difference or imaginary part
of the s and p polarizations of the light is increasing with
wavelength. The present results show similar tendencies
compared to the work of Tsubouchi et al. [33]. From Fig. 12
it is noted that the ¥ values at, e.g., A=490 nm and 520 nm are
the same for #;=70° and 75°. It indicates that the ratio of the s
and p polarization amplitudes is not uniform throughout the
film and may be taken as evidence that the deposited films itself
are non-uniform.

In order to extract the optical properties of the deposited
films we assumed that the deposited film consists of a single
layer of poly-carbonitride on a silicon substrate with a 2.2 nm
thick SiO, native oxygen layer. The fit spectra from a
polynomial function using the Cauchy dispersion relation [34]
are shown as solid lines in Fig. 12. The extracted parameters
are given in Table 1. The total thickness of the deposited CN,
film with CHy/N,=1:10, is about 66 nm. In this fit procedure
the mean square error (MSE) is 12.39.

Fig. 13 displays the behavior of real part of the refractive
index (n) as a function of wavelength. The refractive index (n)
as obtained from a fit using the Cauchy dispersion relation
(solid line) varies between 1.3 at 440 nm to close to 1.7 at
800 nm. The deposited layer, hence, is highly dispersive.
Smaller values are obtained from a point-to-point fit (full
circles). Also displayed in Fig. 13 is the behavior of the
extinction coefficient (k) as function of wavelength. The
extinction coefficient as obtained from the fit employing the
Cauchy relation (dashed line) decreases from 1 to “zero” as
wavelength increases from 400 to 800 nm. A similar behavior is
noted for the point-to-point fit (open circles).

The present ellipsometric results are in fair agreement with
experimental data from the literature [35]. Accordingly, CN,
films with low and/or moderate nitrogen content, i.e., N/C ratio
<0.6 display an anomalous dispersion with an increasing index
of refraction, and a decreasing absorption coefficient in the
range 400—800 nm. By contrast, nitrogen-rich CN, films (N/
C>0.6) display a normal dispersion relation with a falling
index of refraction, as well as a falling extinction coefficient.

4. Conclusions

Several N-1s, C-1s and O-1s peaks have been identified by
XPS. More importantly, the XPS analysis shows that in the
CN, films the carbon and nitrogen atoms form stable bonds
instead of simple mixing. There is a considerable amount of
N-sp®—C bonded matrix in the film with N/C=0.6. Decreasing
the nitrogen (N/C=0.24) results in a decrease of N-sp’—C
bonded sites. FTIR spectra suggest that the majority of the
incorporated nitrogen atoms are in the form of C=C and
C=N double bonds and C=N triple bonds (nitrile group).
Furthermore, the positive correlation between the absorption
of the nitrile group and concentration of nitrogen in the
reactive gas is statistically significant (see Fig. 3). The
overlapping region of NH and OH bonds in the FTIR
spectrum reveals the presence of hydrogen in the deposited
film. It is suggested that carbon and nitrogen atoms are

chemically bonded in the film, and that the film is amorphous
in nature. From AFM analysis it is clear that the films are
compact with roughness of about 0.25 nm.
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