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Electron cyclotron resonance plasma enhanced chemical vapor deposition of hydrogen-free SiCN films has been studied. Infrared
and Raman spectroscopies were used for chemical characterization of deposited films, showing Si–N, Si–C, Si–Si, and C–N bonds
in composition. Optical responses of the films between 1.5 and 4.5 eV were obtained by spectroscopic ellipsometry. Cathodolu-
minescence of the films shows mainly a broad band of emission at around 2.3 eV together with overlapped contributions at higher
energies depending on the composition. Surface morphology and roughness has been investigated by atomic force microscopy.
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In the last decade, there has been an increasing number of studies
on SiCN compound synthesis, stimulated by the excellent mechani-
cal and chemical properties of hardness and corrosion resistance of
the amorphous material.1,2 A number of different techniques, such as
ion implantation,3,4 chemical vapor deposition,5-16 or sputtering,17

among others, have been employed to obtain this material, since
Gómez et al. suggested the possible miscibility of �-Si3N4 and the
hypothetical one, �-C3N4.18 The optical properties of SiCN suggest
the behavior as a wide-bandgap semiconductor in the case of the
crystalline phase, with potential applications for blue or ultraviolet
optoelectronic devices.6,15 The variety of silicon carbonitride com-
positions obtained with any of these techniques allows one to think
of these materials as tunable bandgap ones for applications in flat
panel displays. Furthermore, SiCN nanorods exhibit promising char-
acteristics as field emitters.9,19

More recently, with the introduction of new synthesis methods,
other innovative applications have been described for this family of
compounds, such as its feasibility in the fabrication of microelectri-
cal mechanical systems �MEMS� working in high-temperature
environments.20,21

With the continuous shrinking size in integrated circuits technol-
ogy there is a continuous effort in the search for materials with low
dielectric constant for metal layer isolation. Further, due to its low
dielectric constant, hydrogenated silicon carbonitrides prevent Cu
diffusion in between the metallization layers.22 The hydrogen incor-
poration in amorphous SiCN films results in a degradation of the
mechanical properties of these films.8

In this work, we report the synthesis of amorphous hydrogen-free
SiCN films by electron cyclotron resonance plasma at 850°C. Their
composition and bonding structure have been studied by Fourier
transform infrared �FTIR� and Raman spectroscopy. The surface
morphology has also been studied by atomic force microscopy. The
dielectric constant for different layer compositions has been ob-
tained by spectroscopic ellipsometry and their potential optoelec-
tronic applications explored by cathodoluminescence measurements.

Experimental

SiCN films were deposited on float zone �FZ� silicon wafers,
polished on both sides, at 850°C in an electron cyclotron resonance
plasma �ECR� reactor. The substrate holder was radiatively heated
with a tungsten filament lamp and the temperature, 850°C, moni-
tored with a pyrometer across a quartz window. The base pressure of
the system was 10−7 Torr. Low oxygen content FZ silicon wafers
with a resistivity higher than 100 � cm were used as substrates.
Before deposition, silicon substrates were chemically etched with a
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HF buffer solution. Gas mixtures of Ar, CH4, N2, and SiH4 were
employed in the deposition processes; the precursor gas flows were
controlled by mass flow meters in such a way that a wide range of
C/N and N/Si atomic ratios could be attained, while maintaining the
C/Si flow ratio at 2.8 or 3.6 �series A and B, respectively�. Ar was
introduced with the aim of attaining stable plasma, whatever the
precursor’s gas flow. The process time and the SiH4 flow were ad-
justed to achieve SiCN films with thickness around 850 Å, mea-
sured using a Dektak profilometer. This value assures the absence of
interferential oscillations in the spectroscopic ellipsometry �SE�
spectra associated with the thickness, which could cause a poor
determination of the composition from the spectra fittings. The work
pressure was kept in between 1 and 4 mTorr. The microwave power
was fixed at 1000 W for all the processes. The chemical bonds
present in the films were investigated by FTIR and Raman spectros-
copy. FTIR spectra were obtained using a Bruker IFS-66v spectrom-
eter with a spectral resolution of 6 cm−1. The Raman spectra were
recorded in backscattering geometry using a Jobin-Yvon HR800UV
Raman spectrometer. The excitation was done with different laser
lines; however, the best results were obtained with UV excitation
from a He-Cd laser �325 nm�, and we refer to these spectra hence-
forth. The scattered light was dispersed by the spectrometer and
collected by a liquid nitrogen cooled charge-coupled device �CCD�
detector. SE measurements between 1.5 and 4.5 eV were acquired at
70° angle of incidence with a Jobin-Yvon Uvisel ellipsometer.

Luminescence spectra of the films were acquired by cathodolu-
minescence �CL� using a XiCLOne system from Gatan attached to a
JEOL 820 scanning electron microscope �SEM�, typically using
10 kV acceleration voltage and 2 nA beam current. Sample surface
morphology was studied with a Topometrix atomic force micro-
scope �AFM�.

Results

Infrared characterization.— The IR spectra were corrected with
the transmittance of a bare silicon wafer. Transmission spectra of the
samples in the region of interest are plotted in Fig. 1 for the sample
series A �C/Si = 2.8�. The spectra of the sample series B �C/Si
= 3.6� were similar to those of sample series A; therefore, they are
not shown here. Characteristic peak positions of SiC �796 cm−1� 23

and Si3N4 �846 cm−1� 24 are indicated, for reference, by straight
lines in the figure. The C/N ratio values of the deposition processes
are indicated for each FTIR curve. No bands associated with H
bonds, usually at 2000–2100 �Si–H�, 3000 �C–H�, and 3380 cm−1

�N–H� �not shown in the figure�, were observed for any sample, as

opposed to the spectra obtained in SiCN films deposited at lower
temperatures �400–500°C�,7 for which C–Hn and N–H bonds were
detected. Neither double and triple C–C nor C–N bonds were de-
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tected, although in the first case it could be due to the IR inactivity
of the graphitic bonds.25 The main absorption band shifts from 770
to 843 cm−1, while the full width at half maximum �FWHM� be-
comes narrower �from 240 to 208 cm−1� for decreasing C/N ratio.
The measured FWHM values are larger than those obtained for the
binary compounds, Si3N4 and SiC, around 200 and 90 cm−1, respec-
tively �not shown here�, deposited under equivalent experimental
conditions. The bands peaking between 796 and 846 cm−1 can be
related to the vibrational modes associated with Si–N �exhibiting
modes at 1021, 947, 838, and 800 cm−1� 24 and with Si–C
�796 cm−1� bonds.23 An additional shoulder contribution is observed
at approximately 640 cm−1, more defined for the samples with the
higher C/N ratios. This band might be tentatively related to Si–H2
and Si–H wagging bands, typically observed in porous silicon at
622 cm−1;26 however, the nonobservation of the corresponding
stretching bands of these bonds around 2100 cm−1 led us to disre-
gard this assignation. Finally, for the same samples, a weak band at
1125 cm−1 of uncertain origin was detected.

Raman spectroscopy.— Figure 2 presents the Raman spectra of
the sample series A �C/Si = 2.8�. The spectra of the sample series B
�C/Si = 3.6� were similar to those of series A; therefore, we will
focus later on the spectra of sample series A. One can separate the
spectra into three spectral ranges. First, in the low-frequency region,

Figure 1. FTIR spectra of films deposited with ratio C/Si = 2.8 for different
C/N ratios.
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Figure 2. Raman spectra of samples, excited at 325 nm laser line, corre-
sponding to C/Si = 2.8 series for different C/N ratios.
two bands peaking at 300 and 520 cm−1 are observed. They arise
from the Si substrate and are not relevant to our analysis; they cor-
respond to the second and first-order Raman bands of crystalline Si,
respectively. Besides, a broad band located at 640 cm−1 is observed
for the intermediate C/N atomic flow ratios. Second, we can distin-
guish the spectral interval from 700 to 1000 cm−1. In this range one
can observe two main broad bands; the first one �labeled I1� is
observed at 790 cm−1, and it can be assigned to the transverse opti-
cal �TO� mode of cubic SiC.27 The second band �labeled I2�, ob-
served at 980 cm−1, can be associated with different origins: e.g.,
Si–N bonds,28,29 Si–C longitudinal optical �LO� mode27 or the
second-order spectra of the Si substrate, and will be discussed later.

Finally, the third spectral region, above 1000 cm−1, is character-
ized by a broad band around 1540 cm−1 with a well-defined shoul-
der in the low-frequency side, around 1450 cm−1. These bands, G
�1580–1600 cm−1� and D �1360 cm−1�, can be related to the char-
acteristic bands of carbon materials, disordered graphite, a-C, or
diamondlike carbon. In the literature G is commonly assigned to the
E2g C–C �sp2-bonded� stretching mode of single-crystal graphite,
whereas the D band is attributed to the A1g stretching mode on the
crystal boundaries of polycrystalline graphite, and appears when the
long-range order of the graphite lattice is disrupted.30,31 Both peaks
dominate, varying the intensity, position and width, the Raman spec-
tra of nanocrystalline and amorphous carbons.32 Further, both G and
D bands are also usually observed in Raman spectra of a-CN
films;33-35 however, C–N and C–C modes lie in a similar wavenum-
ber range and thus are difficult to separate from each other.36 Often
these bands broaden and overlap each other,37 which matches our
observation. The peak position of both bands can provide useful
information about the material properties, which will be assigned in
the Discussion section.

Spectroscopic ellipsometry.— The pseudo-dielectric constant of
the samples was acquired by SE measurements in the spectral range
between 1.5 and 4.5 eV. The spectra were modeled on the basis of
an air-film-substrate structure, the optical constants of the silicon
substrate being known. Due to the lack of standard optical data for
SiCN compounds, the films have been modeled in terms of a mix-
ture of Si3N4 and SiC. The effective medium theories relate the
dielectric response of an inhomogeneous material with clusters of
dimensions smaller than the probe wavelength to its
microstructure.38 The smoothness of the main band detected in FTIR
spectra, �800 cm−1, suggests the existence of structural units on the
scale of several angstroms, always smaller than the UV-visible probe
wavelength; this is confirmed by the broad Raman bands, which
account for reduced phonon correlation lengths due to translational
symmetry breakdown.

Also, in most samples small crystalline-silicon �c-Si� fractions
were considered to include the contribution of the Si atomic clusters
�the Si atoms substituting for C in Si–C–Si sequences�. The volume
fractions of each phase and the thickness of the films were obtained
for most of the samples making use of the Bruggeman effective
medium approximation �EMA�.39 Samples, either SiC rich or Si3N4
rich, were also reliably modeled by the Maxwell Garnett �MG�
model, as expected from the theoretical analysis.39 The inclusion of
a graphitic phase in the fitting processes did not provide satisfactory
results, which is in apparent contradiction with the Raman results
that revealed the presence of disordered graphitic phases. This sug-
gests that the Raman bands could be due to CN bonds rather than to
C–C bonds, even if the IR data could not confirm this assertion.

The Si3N4 and SiC percentages were obtained by fitting the mea-
sured spectra, allowing the thickness value to vary in a very close
range around the profilometric value. The fitted thicknesses of the
films ranged from 830 to 910 Å. The volume fractions of SiC and
Si3N4 vs the N/Si ratio with the C/Si ratio as a parameter are shown
in Fig. 3. The samples with the higher c-Si percentage are those with
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the more pronounced �640 cm−1 contribution to the FTIR spectra.
This fact suggests that the contribution of the Si–Si bonds to the
UV-visible spectrum is similar to the contribution obtained for a c-Si
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phase, which suggests the formation of small clusters of Si atoms
when Si replaces C. From the same figure a higher incorporation
efficiency of N than C to the films is deduced from the two series of
samples. This may be due to the higher stability of the Si–N bond
than the Si–C one, for which the bond energies are 3.45 and
3.21 eV, respectively.

The dielectric responses calculated by the effective medium
model with values obtained from the best fittings are represented for
some of the samples of series A �C/Si = 2.8� as a function of the
energy in Fig. 4 �real and imaginary parts�. In the same figure, the
dielectric responses of Si3N4 and SiC have been added for reference.
For the samples with the higher percentages of silicon �C/N
� 6.0� the dielectric response values are higher than those of SiC;
simultaneously, peaks related to the E1 and E2 silicon critical points,
near 3.4 and 4.2 eV, become apparent.39 Films with dielectric func-

Figure 3. Percentages of composition of SiCN samples from fittings of the
SE spectra. Films are modeled according to the EMA model, with Si3N4
�top�, SiC �bottom�, and c-Si �added values to the low curves� phases.
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Figure 4. Dielectric response of representative SiCN films with C/Si = 2.8
in accordance with the EMA model. �Upper curves, �r; lower curves, �i�.
C/N ratio values have been added on the curves.
tion in between those of Si3N4 and SiC were obtained using higher
N/Si ratios. Comparing these curves with the dispersion curves of
Gómez et al.18 for samples obtained with no intentional heating, a
higher optical density of SiCN films is obtained in this case, related
to the absence of hydrogen bonds.

Cathodoluminescence.— Figure 5 shows the CL spectra of
sample series A �C/N = 2.8� obtained at 80 K. The spectra consist
of several broad bands, with several overlapped peaks at 3.14, 2.8,
2.57, 2.38, 2.27 eV and a shoulder at 2.17 eV. For the samples with
low SiC content and high Si3N4 concentration, as deduced from the
ellipsometric fittings, the CL intensity decreases, whereas the com-
plex CL band is replaced by a structureless band peaking at 2.26 eV.
The spectral features of the luminescence emission are strongly re-
lated to the composition and structure of the films; in particular, the
cluster structure and size should have a great influence on the lumi-
nescence emission.40-42 The higher intensity of the CL bands and
their corresponding shift to the high energies for samples with
higher SiC content might be related to several causes: an increase of
the probability of radiative recombination due to the presence of SiC
clusters, the decrease of nonradiative recombination through
defects,41 and the reduction of the cluster diameter with the increas-
ing of �C� observed in Raman measurements.32 Further work is re-
quired to understand the origin of the peaks superposed to the broad
band in SiC rich samples. These bands are narrower, suggesting the
presence of relatively ordered clusters.

Atomic force microscopy.— The surface morphology of the
samples was obtained by AFM. Figure 6 shows three-dimensional
scans of an area of 1.1 � 1.1 �m of two samples. Figure 6a corre-
sponds to a sample of series A, and Fig. 6b to a sample of series B;
both of them have been performed with N/Si = 0.8 �see Fig. 3�. The
surface morphology was found to depend on �N� and �C�. The rms
roughness is similar in both samples �1.54 nm in Fig. 6a and
1.16 nm in Fig. 6b�, while the apparent grain size increases for
decreasing C/N ratio. The nitrogen incorporation can be related to
two structural modifications similar to those reported in a-C:H
films;43 first, it increases the number and size of the sp2 bonds, also
observed in the Raman measurements; second, it increases the den-
sity of voids.44 Both of these modifications can increase the surface
roughness of the samples.45 The morphologic changes observed
match the evolution of the CL emission obtained for different �N�
added to the samples: the large roughness related with the incorpo-
ration of N reduces the luminescence emission, while the samples

Figure 5. CL spectra of samples, excited at liquid nitrogen temperature,
corresponding to C/Si = 2.8 series.
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with smoother surfaces, corresponding to a low incorporation of N,
give a higher emission, and also better resolved luminescence bands,
suggesting a much less distorted lattice with improved order.
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Discussion

The lack of graphitic phase obtained by ellipsometry can be re-
lated to the conductor nature of the graphitic bulk phase, whose
dielectric constants were tried as a component for the EMA model in
the spectral fittings. The typical strong absorption of the graphitic
bulk phase over the whole spectral range of the ellipsometer is due
to the nonhybridized p-orbital, partially occupied by the fourth elec-
tron of C. Hence, this electron is not only responsible for the metal-
lic behavior of graphite, but also for its optical properties. In our
samples this behavior might be lost when this fourth electron is
bonding with Si or N.

As we have suggested previously, the shoulder contribution
around 640 cm−1 cannot be assigned to Si–H2 and Si–H wagging
bands because of the absence of the corresponding Si–H stretching
bands at around 2100 cm−1. However, the presence of C atoms in
nearest-neighbor positions of the Si–Si bonds, Si–Si–C, could shift
the Si–Si vibration mode towards larger wavenumbers. In fact, simi-
lar bands have been observed around 664 cm−1 in amorphous
SiC:H.26 The broad band in Raman spectra located at 640 cm−1

wavenumbers for the intermediate C/N element flow ratios can be
related to Si–Si LA vibrations.46

Concerning the broad Raman contributions labeled as I1 and I2
at 790 and 980 cm−1, respectively, it is observed that the relative
intensity of both bands, I1/I2, is related to the composition of the
samples �percentages of SiC and Si3N4� obtained by ellipsometry:
the band at 980 cm−1 increases its intensity with the Si3N4 content,
while the other band, 790 cm−1, follows the opposite evolution,
which allows us to associate the 790 cm−1 band with the SiC bonds
and the 980 cm−1 band with the Si–N bonds. The broadness of these
bands suggests a strong lattice distortion.

Nitrogen incorporation to the amorphous carbon to form amor-
phous CN films gives rise to the appearance of a band around
1500 cm−1 further than the usual D and G bands.35 However, the
similarity of C–C and C–N vibrational frequencies makes it difficult
to establish the way in which nitrogen is incorporated to the network

Figure 6. AFM images of samples deposited with N/Si = 0.8 and �a�
C/Si = 2.8 �series A� and �b� C/Si = 3.6 �series B�.
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skeletal.36 The Raman spectra in the 1200–1600 cm−1 wavenumber
range consists of a broad band peaking at 1500 cm−1 with a large
asymmetry towards the low wavenumbers.
The Raman spectra in the 1200–1600 cm−1 spectral region for
sample series A �C/Si = 2.8� are fitted in Fig. 7, following a two-
Gaussian scheme for the two bands G �1580–1600 cm−1� and D
�1360 cm−1� that could be assigned to chainlike and ringlike CN
molecules, respectively.36 The results show that the G band shifts to
the low frequencies and the ID/IG tends to zero when �N� decreases
�C/N atomic flow ratio increases�. For low �N� the Raman spectrum
consists of a single broad band centered at 1430 cm−1, which can be
assigned to C–C or C–N bonds in a structure that can be described
as a covalent network of tetrahedral-trigonal bonding carbons
�mixed sp2-sp3 hybridization� with distorted bond angles and bond
lengths.47 In an opposed sense, it is possible to interpret the shift of
the G band and the ID/IG intensity ratio when �N� increases as the
result of the increase in the sp2 bonding fraction and the bigger size
of the disordered �graphitic� sp2 bonded clusters.48 According to the
scenario described by the model of Ferrari et al.,32 the observed
evolution of the Raman spectra in this region can be interpreted
using an amorphization trajectory from nanocrystalline material, ei-
ther graphite or CN, to a-C or a-CN when the �N� decreases. The
assignment of G and D Raman bands to C–C bonds cannot be com-
pletely ruled out; however, the rejection of graphite contribution in
the ellipsometric spectra fittings and the absence of bands in the
2000 cm−1 in the FTIR spectra suggest that C–N related bands
should be dominant in the Raman spectra. In support of this asser-
tion, the weak band around 1125 cm−1 observed in the FTIR spectra
has been related to the sp3 C–N vibration.49

According to this, along with the main FTIR contributions re-
lated to the Si–N and Si–C modes, one could argue that SiCN films
should consist of Si-centered tetrahedra, bonded to N, C, and Si, as
the fundamental structural units, SiCnN4−n, with ringlike and chain-
like bridging CN structures.

Conclusions

Hydrogen-free SiCN films have been obtained by ECR plasma
using a wide range of precursor gas flow conditions. Films mainly
consist of Si–C and Si–N bonds, whose relative abundances follow
the C/N atomic ratio variation of the precursor gases. When this
ratio increases, Si–Si bonding becomes more evident. C–C and C–N
bonds are also detected, in sp2 and sp3 hybridizations, with relative
concentrations also depending on the C/N ratio. Low C/N values
favor the presence of both sp3 and sp2 �graphitic� bonds, while in the
opposite case an amorphous C or CN phase related to the graphitic
sp2 bonding gradually becomes the only contribution to the Raman
band.

In accordance with the EMA theory, the optical responses of
these films in the UV-visible spectral range correspond to those of
compounds with composition between Si3N4 and SiC. In the case of
the films with higher C/N ratios an additional c-Si contribution
gives rise to more absorbent films.

The absence of H in these films allows us to expect optimal
mechanical properties and therefore for them to be appropriate for
MEMS technology. Together with the mechanical goodness, the
chemical stability, characteristic of Si–C, Si–N, C–C, and C–N
bonds, can be predicted for the so-obtained carbonitride compounds,
which should make them suitable to be used in aggressive environ-
ments.

The luminescence emission of the films was optimized to in-
crease the SiC abundance.
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