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Amorphous carbon nitride films with N/C ratios ranging from 2.24 to 3.26 were deposited by reactive sputtering at room
temperature on corning glass, silicon, and quartz as substrates. The average chemical composition of the films was obtained from
the semiquantitative energy dispersive spectroscopy analysis. Photoluminescence measurements were performed to determine the
optical band gap of the films. The photoluminescence spectra displayed two peaks: one associated with the substrate and the other
associated with CN

𝑥
films located at ≈2.13±0.02 eV. Results show an increase in the optical band gap from 2.11 to 2.15 eV associated

with the increase in the N/C ratio. Raman spectroscopymeasurements showed a dominant𝐷 band. 𝐼
𝐷
/𝐼
𝐺
ratio reaches amaximum

value for N/C ≈ 3.03 when the optical band gap is 2.12 eV. Features observed by the photoluminescence and Raman studies have
been associated with the increase in the carbon sp2/sp3 ratio due to presence of high nitrogen content.

1. Introduction

Light elements based materials which associate 2p and 3p
elements, mainly from columns III to V of the periodic
system, are of great interest due to their physicochemical
properties. In this sense, the elevate hardness, chemical
inertia, good thermal conductivity, optical transparency (on
a wide wave number range), highly refractory character,
electric insulator behavior, and high band gap values are the
most representative [1].

Concerning their production, two main routes of syn-
thesis have been developed to obtain carbon nitrides as thin
films or as bulk materials. Many publications devoted to the
synthesis of CN

𝑥
thin films have jointly concluded that the

existence of the crystalline stoichiometric C
3
N
4
phase has not

been clearly evidenced yet. To date, the so-obtained deposits
are generally amorphous and can eventually contain some

nanometric CN
𝑥
crystallites [2]. However, these amorphous

thin films seem to present interesting electrical, mechanical,
tribological, and optical properties [3–6].

In recent years, study of the optical properties of amor-
phous carbon nitrides (𝛼-CN

𝑥
) films became an interesting

field. The reported characteristics have provided evidence
for a possible utilization in optoelectronic devices, such as
electroluminescence devices [7] or photovoltaic solar cells.
In this sense, the optical properties of 𝛼-CN

𝑥
have been

extensively studied via diverse techniques such as Raman,
photoluminescence (PL), or absorption spectroscopy. Typ-
ically, the Raman spectra of carbon nitrides, measured at
any excitation energy, have a similar form to those of N-free
amorphous carbons, that is, showing the 𝐷 and 𝐺 bands.
The existence of a 𝐷 band indicates the presence of aromatic
rings. The 𝐺 band for carbon materials arises from vibration
of all sp2 sites and in both chain and ring configurations.
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The intensity of a 𝐷 peak, however, arises only from clusters
of sp2 sites in six fold aromatic rings [8]. Most of the time, the
available literature about carbon nitrides describes films with
nitrogen content below 50%; in there, the observed intensity
of the 𝐺 band is usually higher than that of the𝐷 band.

On the other hand, PL is an alternative method to
explore the optical gap in thin films prepared from different
approaches. This technique has been used, for instance,
in amorphous nitrogen-rich carbon nitride (CN

𝑥
), films

prepared by inductively coupled plasma chemical vapour
deposition [9], amorphous carbon nitride thin films grown
by plasma decomposition of a feedstock of CH

4
and N

2
[10],

amorphous carbon oxynitrides 𝛼-CN
𝑥
O
𝑦
films made by a

nitrogen radical sputter method and by the layer-by-layer
method [11], carbon nitride films grown by vapor transport
of carbon nitride powders [12], boron-doped amorphous
carbon nitride thin films synthesized by microwave electron
cyclotron resonance-plasma chemical vapor deposition [13],
amorphous carbon nitride (a-CN) films deposited by reactive
R.F. sputtering source with a graphite target [14], and hydro-
gen amorphous carbon nitrile particles grown by CH

4
/N
2

radio-frequency plasma [15].The use of PL on carbon nitride
films has shown awide peak near to 2 eV,where the signals are
associated mainly with 𝜋 and 𝜋∗ states or lone-pair electrons
[7, 9, 14].

In addition, absorption spectroscopy is used to determine
the Tauc gap and the 𝐸

04
band gap [9]. In 𝛼-CN films,

the hydrogen content is an essential parameter to explain
the behavior of the optical gap, but this relationship is
still unclear. Some reports mention that the optical energy
gap decreases as the nitrogen content increases [9, 10].
However, variousmanuscripts describe the opposite behavior
[16]. In this contribution we analyze, by using spectroscopy
techniques, a series of carbon nitride films with high N/C
ratio, which were deposited on three types of substrates,
glass, silicon, and quartz, via reactive sputtering system. The
nitrogen content was determined by semiquantitative X-ray
energy dispersive spectroscopy (EDS) analysis; the optical
gap was obtained at room temperature from the PL measure-
ments. In addition, Raman spectroscopy was used to explore
sp2 hybridization state and the average microstructure of the
deposited 𝛼-CN

𝑥
films and substrates.

2. Experimental Details

Carbon nitride films (labeled as S1–S6) were deposited on
glass by a reactive sputtering system, in an argon-nitrogen
atmosphere, using graphite (purity of 99.99%, diameter ≈
5.08 cm, and thickness ≈ 0.32 cm) as target. The Ar/N

2

ratio was selected between 2.08 and 3.47 (see Table 1). The
temperature of the substrates was set at 25∘C. We proceeded
to initiate the vacuum in the growth chamber, reaching a
value of 2.5× 10−6 Torr.However, in the argon/nitrogen atmo-
sphere, the working pressure varied between 5.4 × 10−2 and
6.2 × 10−2 Torr. In addition, twomore samples were deposited
on Si and quartz substrates, respectively, in order to compare
the PL spectra and identify the substrate contribution. The
sputtering systemwas providedwith flowmeters to accurately

Table 1: Nomenclature, synthesis parameters, and PL results for the
CN
𝑥
films.

Sample Substrate Ar/N
2

N/C PL peak (eV)
S1 Glass 2.08 2.24 ± 0.03 2.11
S2 Glass 2.20 2.63 ± 0.01 2.12
S3 Glass 2.39 3.03 ± 0.02 2.12
S4 Glass 2.83 3.10 ± 0.10 2.13
S5 Glass 3.00 3.16 ± 0.09 2.13
S6 Glass 3.47 3.26 ± 0.02 2.15
S7 Silicon 3.47 2.78 2.13
S8 Quartz 3.47 3.28 2.13

control the Ar and N
2
flows into the deposition chamber.The

samples were deposited by maintaining the electrode spacing
at 25mm and setting a power of 250W. The deposition time
was chosen in order to achieve the same thickness in all
the samples. The semiquantitative nitrogen content of the
films was estimated by EDS using an XFlash-4010-Bruker
microanalyzer system; the N/C ratios are shown in Table 1.
PL measurements were performed using a 325 nm HeCd
Melles Griot laser as excitation source at 15mW, a 500mm
Acton monochromator, and a Spec-10 CCD camera system
(Princeton Instruments). ForRamanmeasurements, amicro-
Raman spectrometer was used with a HeNe laser at 20mWas
excitation source, on aDilormicro-Raman spectrometerwith
a 632.8 nm HeNe laser.

3. Results and Discussion

3.1. CN
𝑥
Films Deposited on Glass as Substrate. The approx-

imate chemical composition of the prepared CN
𝑥
films was

estimated by using semiquantitative EDS analysis. Results
collected in Table 1 show that N/C ratio of the films deposited
on glass ranges between 2.24 and 3.26, as a result of increasing
the Ar/N

2
flow ratio from 2.08 to 3.47mL.

From Table 1, it is possible to detect that variations in
the N/C ratio are reflected in a slight increase in the optical
gap values from 2.11 to 2.15 eV. This behavior is in agreement
with the reported data for amorphous CN

𝑥
films [9, 10, 16],

although there are few works with N/C ratio higher than 2.
Figure 1 shows the room temperature PL spectra of the

samples deposited on glass as substrate. Here, all the films
display a broad maximum located at ≈ 2.13 ± 0.02 eV.
However, S4 and S6 present another more intense maximum,
located at ≈1.7 eV.The behavior of the intensity of these peaks
does not show a relation ascribed to the N/C ratio. However,
Plass et al. reported two wide maxima positioned close to
the optical Tauc gap and 𝐸

04
gap (close to 2.1 eV and 2.4 eV)

whose origin cannot be definitely clarified [9].
In order to identify a possible contribution derived from

the substrate (glass) on the PL spectra of the films, we have
made PL measurements in S4 (taken as reference) in the
raw substrate and after the growth of the CN

𝑥
film. Figure 2

shows the resulting spectra.The PL spectrum of the substrate
shows a maximum located at ≈1.7 eV, as displayed by S4.
This feature indicates that this contribution is originated
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Table 2: Collected data obtained from the𝐷 and 𝐺 bands of the Raman spectroscopy analyses.

Sample Band position (cm−1) Band intensity
𝐼
𝐷
/𝐼
𝐺

FWHM 𝐿
𝑎
(nm)

𝐺disp (cm
−1) 𝜌 (g/cm3)

𝐷 𝐺 𝐷 𝐺 𝐷 𝐺 TK FR
S1 1349 1565 0.67 0.34 1.97 275 100 1.98 2.52 0.22 2.76
S2 1336 1558 0.64 0.25 2.54 328 101 2.26 1.95 0.24 2.85
S3 1335 1564 0.69 0.25 2.77 332 99 2.35 1.79 0.22 2.76
S4 1349 1565 0.52 0.26 1.96 272 93 1.98 2.77 0.22 2.76
S5 1350 1568 0.75 0.42 1.79 272 109 1.89 2.52 0.21 2.68
S6 1355 1566 0.59 0.37 1.61 247 102 1.80 3.07 0.22 2.76
S7 1349 1565 0.67 0.34 1.97 275 100 1.98 2.52 0.22 2.76
S8 1336 1559 0.64 0.25 2.54 328 101 2.25 1.95 0.24 2.85
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Figure 1: Room temperature PL spectra of 𝛼-CN
𝑥
films deposited

on glass as substrate.

by the glass, while the maximum observed at ≈2.11 eV is
associated with the carbon nitride films. On the other side,
considering the energy of this last maximum and the model
of density of states about 𝛼-CN

𝑥
films reported elsewhere

[9, 11], it is possible to establish that the peak at ≈2.11 eV is
associated with the optical gap of carbon nitride film. The
high nitrogen content is responsible for the narrow peak,
which is originated by the lon pair-𝜋∗ state transitions. Other
authors have reported much wider PL maximum due to low
nitrogen content [9–15].

Figure 3 shows the first-order Raman spectra for the S1–
S6 films. Here it is possible to observe two characteristic
bands frequently detected in carbon nitride films [7, 14, 17]
which are also typical bands for disordered carbon materials:
the so-called graphite (𝐺) band at ≈1580–1600 cm−1 and the
disorder-induced (𝐷) band at ≈1300–1350 cm−1 [18, 19]. The
𝐺 band corresponds to the in-plane bond-stretching motion
of carbon atoms in sp2 configuration with𝐸

2 g symmetry.The
𝐷 band is a breathingmode with𝐴

1 g symmetry which is for-
bidden in pristine graphite and becomes active in disordered
graphite-like structures. The absence of the characteristic
second-order 2𝐷 (≈2700 cm−1) and 2𝐺 (≈3250 cm−1) bands
related to the tridimensional ABAB stacking of the graphene
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Figure 2: Comparative PL spectra of the substrate (glass) as received
and after deposition of the CN

𝑥
film (S4).

layers in prefect graphite materials [20] and the graphite
crystallite size [21] also confirms the highly disordered nature
of these films.

Figure 3 also includes the Lorentz fitting of the Raman
spectra for the S1–S6 series. The fitting curves are placed in
down of the original bands and the numerical results are
collected in Table 2. The Raman shift of the 𝐺 and 𝐷 bands
is difficult to observe visually on the spectra. However, in
Figure 3, the differences in the intensity, emerging from the
Lorentz fitting, clearly show that the intensity of 𝐷 is higher
compared to the 𝐺 band intensity. In the collected results
derived from the fitting of the Raman spectra (Table 2), the
𝐺 band is slightly shifted about 1563 ± 5 cm−1 as a result of
the saturation in the 𝐺 peak dispersion. This effect is derived
from the high excitation energy produced by the HeNe laser
operating at 632.8 nm [22].

In Table 2, it is possible to detect the shifting of the𝐺 band
to lower values (up to 1558 cm−1) for those samples with N/C
ratio ≤ 3.03 suggesting an increase in the bonding disorder
and decrease of the sp3 content. However, for those samples
with N/C ratio ≥ 3.16, the 𝐺 band is shifted to higher values
(up to 1568 cm−1), indicating that the bonding presents the
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Figure 3: Raman spectra of the S1–S6 series of the 𝛼-CN
𝑥
films deposited on glass as substrate and their corresponding fitted Lorentz

functions.

opposite behavior, that is, ordering and increasing of the sp3
content [10, 14, 17]. For carbon materials with a highly disor-
dered structure, where the atoms are not 100% sp2 bonded,
the Three-Stage Model (TSM) provides an alternative that
allows correlating the position of the𝐺 band and the values of
𝐼
𝐷
/𝐼
𝐺
to the sp2/sp3 bonding ratio [17]. Hence, from the data

collected in Table 2, the present CN
𝑥
films can be classified

into Stage 2, characterized by sp3 increasing from 0 to 20%
and the transition fromnanocrystallinematerials up to highly
disordered. Asmentioned above, the position of the𝐺 band is
1563±5 cm−1 yielding sp3 relative bonding content of 9±1%,
in agreement with the reported data obtained for sputtered
samples.

From these observations we could suggest that these
materials present a drastic change, at the nanometric scale,
with the increase of the C/N ratio, which is later on reflected
in the gap values and the displacement of the 𝐺 band. In
addition, the intensity and the full width at half maximum
(FWHM) of the 𝐷 band can be related to the clustering

and the disorder degree. In this sense, both follow the same
behavior as the 𝐺 band.

On the other hand, it is well known that the in-plane
crystalline size of the graphitic domains (𝐿

𝑎
) in graphitic

clusters can be calculated by using the following relation:
𝐿
𝑎
(nm) = 𝐶(𝐼

𝐷
/𝐼
𝐺
)

−1, where 𝐶 is the scaling coefficient
derived by Tuinstra-Koenig (T-K) model [20]. This expres-
sion was developed for disordered graphite with 100% sp2
bonded atoms and it is valid down to a critical cluster size
of 2 nm. In highly disordered carbon materials, the presence
of defects and the possible decrease of 𝐿

𝑎
below 2 nm point

out a lower number of carbon hexagonal rings in the network.
Consequently, the intensity of the𝐷mode and the ratio 𝐼

𝐷
/𝐼
𝐺

tend to decrease and the T-K approximation is no longer
valid. Hence, the model used to depict these transitions,
developed by Ferrari-Robertson (F-R), can be expressed as
follows: 𝐿

𝑎
(>) = [((𝐼

𝐷
/𝐼
𝐺
)/0.0055)]

1/2 [21]. In this regime,
the aromatic clusters become smaller and more disordered
[14, 15]. When the disorder increases, the sp2 phase changes
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Figure 4: Changes in 𝐼
𝐷
/𝐼
𝐺
versus the N/C ratio (a). Variation of 𝐿

𝑎
, obtained from the Tuinstra-Koenig and Ferrari-Robertson models

versus the N/C ratio.

from ring to chain structures, while at the final stage when sp3
bonds are introduced sp2 bonds become strongly localized
[22].

Plotting of 𝐼
𝐷
/𝐼
𝐺

ratio and 𝐿
𝑎
values, in relation to

the N/C content, shows a nonusual behaviour that could
be directly related to the sp2/sp3 bonding ratio. Figure 4(a)
shows an increase in the 𝐼

𝐷
/𝐼
𝐺
ratio for the films with N/C

content below 3.03; later on, the ratio decreases with the
increase in the N/C ratio up to 3.26. If the 𝐼

𝐷
/𝐼
𝐺

ratio
decreases, because the introduction of nitrogenmakes the sp2
clusters become larger, we could speculate that the films with
low 𝐼
𝐷
/𝐼
𝐺
ratio (N/C content from 3.10 to 3.26) present this

feature [10, 14].
Figure 4(b) represents the variation in 𝐿

𝑎
, obtained from

the Tuinstra-Koenig and Ferrari-Robertson models, with
respect to the N/C content. Applying the T-K formula, 𝐿

𝑎

values decrease from 2.59 to 1.79 nm as the N/C content
increases from 2.24 to 3.03; however, at higher N/C con-
centrations, 𝐿

𝑎
increases directly proportional to the N/C

content. This situation indicates that the films with N/C
content higher than 3.16 present a tendency toward ring-like
structure rather than chain formation. On the other hand, 𝐿

𝑎

values derived from the F-R equation increase from 1.98 to
2.35 nm as the N/C content increases from 2.24 to 3.03; later
on, 𝐿
𝑎
decreases inversely proportional to the N/C content.

These variations indicate that the aromatic clusters become
smaller andmore disordered if𝐿

𝑎
is smaller than 2 nm.As the

disorder increases, the sp2 phase changes from ring to chain
structures.

These analyses could provide a clear evidence about how
the N/C content modifies the sp2/sp3 bonding ratio and
the order/disorder degree in the films [13], as mentioned
before. However, these present results do not present a good
correlation. According to the shifting of the 𝐺 band and the

results derived from the T-K model, films with N/C ratio ≤
3.03 present low sp3 contents and high disorder in bonding;
while those films with N/C ratio ≥ 3.16 have high sp3 content
and ring formation. In contrast, results obtained from the
𝐼
𝐷
/𝐼
𝐺
ratio and the F-Rmodel follow the opposite trend.This

indicates how the visible Raman spectra depend primarily on
the ordering of sp2 sites and not on the fraction of sp2 sites,
as has been discussed before.

Another important feature is the 𝐺 band dispersion
(𝐺disp) since allows observing the shift of this band and yields
to estimate the density (𝜌) of the CN

𝑥
films. Thus, we can

empirically define the 𝐺 band dispersion as follows [17]:

𝐺disp (cm
−1

) =

𝐺pos (244 nm) − 𝐺pos (633 nm)
(244 − 633) nm

, (1)

where 𝐺pos is the position of 𝐺 at the wavelength of 244 and
633 nm. Results collected in Table 2 show a slight dispersion
ranging from 0.21 to 0.24 cm−1. From here, the density of
the CN

𝑥
films can be extracted by fitting the 𝐺pos values in

a relationship proposed by FR, where the 𝐺disp is plotted as
a function of 𝜌 (cm3/g), for different carbon nitride films
deposited by cathodic arc and sputtering. Results collected
in Table 2 show slight density variations ranging from 2.68
to 2.85 g/cm3, presenting good agreement with experimental
values reported recently [17].

It is well known that the synthesis methods have an
important effect on the sp2/sp3 bonding ratio of the produced
carbon nitride films [11, 13]. In this sense, those obtained from
sputtering techniques, such as the present ones, are mainly
sp2 bonded, even when the nitrogen content in the samples is
higher than 20%.This situation is also reflected in the spectra
of Figure 3, where the presence of the 𝐷 and 𝐺 bands is a
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films deposited on silicon and quartz as substrates, respectively. The included S6 spectrum is

included as reference.

1000 1500 2000

Raman shift (cm−1)

In
te

ns
ity

 (a
rb

. u
ni

ts)

(a)

500 1000 1500 2000

Raman shift (cm−1)

In
te

ns
ity

 (a
rb

. u
ni

ts)

(b)

Figure 6: Raman spectra of the S7 (a) and S8 (b) 𝛼-CN
𝑥
films deposited on silicon and quartz as substrates, respectively.

consequence of the sp2 sites which have≈55 times larger cross
section than the sp3 sites [23].

3.2. CN
𝑥
Films Deposited on Silicon and Quartz as Substrates.

PL spectroscopy studies of carbon nitride films with different
substrates were made in order to detect the influence of the
substrate on the optical properties of the samples. Figure 5
shows the PL spectra of CN

𝑥
films deposited (under similar

conditions to S6) on silicon (S7) and quartz (S8) as substrates.
All spectra display the maximum located at ≈ 2.13 ±
0.02 eV associated with the CN

𝑥
film, providing evidence of

good reproducibility of the deposition method. The PL of
the sample on silicon as substrate does not have the peak

at lower energy. On the other side, the sample deposited on
quartz as substrate shows a peak associated with the PL of the
quartz [24] at lower energy than the contribution made by
the glass as substrate. These observations suggest that the PL
contribution derived from the substrate must be taken into
consideration carefully; even when the CN films have low
nitrogen content, the signal associated with substrate could
interfere with the PL analysis.

In the case of the Raman spectra, the S7 and S8 films
follow the same behavior detected in the samples deposited
on glass as substrate. In Figure 6, it is possible to observe
that the 𝐷 band intensity and FWHM are bigger than the
same features of the 𝐺 band, as was previously described for
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the series S1 to S6. These observations and the parameters
collected in Table 2 (𝐿

𝑎
, 𝐺disp, and 𝜌) suggest that the

substrate does not modify the structure of the deposited film.

4. Summary and Conclusions

Amorphous carbon nitride films with high N/C ratio (rang-
ing from 2.24 to 3.26) were successfully deposited on glass,
silicon, and quartz as substrates by using the reactive sputter-
ing method.

From the photoluminescence spectroscopy, we have iden-
tified two main contributions: a first signal associated with
the CN

𝑥
film having a narrow peak located at ≈ 2.13 ±

2 eV emerging from the lon pair-𝜋∗ state transitions and a
second one coming from the substrates. In addition, results
indicate an increase in the optical band gap from 2.11 to
2.15 eV associated with the increase in the N/C ratio. From
the Raman spectroscopy, we found that the features of the
𝐷 band (intensity and FWHM) are higher than those in the
𝐺 one, suggesting presence of clustering and high disorder
degree. Variations on the 𝐼

𝐷
/𝐼
𝐺
ratio, between 1.51 and 2.58,

were associated with the increase in the number and in the
size of sp2 clusters; whereas the 𝐼

𝐷
/𝐼
𝐺
ratio was observed to

decrease with the increase of the optical gap.
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