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Abstract Plasma produced by a (1064 nm) Nd:YAG laser focused onto a graphite target at
different nitrogen pressures in the range of 1–90 mTorr, was studied spectroscopically. In the
spectral range of 350–600 nm, emission lines of CI neutral carbon (501.12, and 505.21 nm),
NI neutral nitrogen (493.5 nm), CII (426.72, 463.7, 515.11 nm), and CIII ions (465.02 and
569.59 nm), and NII ions (501.06, and 500.73 nm), were dominating. Bands of C2 Swan
(d3�g → a3�u,�ν = 2, 1, 0,−1), and CN Violet (B2�+ → X2�+,�ν = 1, 0,−1)
systems, and ionic emissions from the First Negative system N2+ (band head at 391.44 nm),
were faintly observed under our specific experimental conditions. From the band intensities,
vibrational temperature for CN and C2 was calculated to be 1.25 and 0.31 eV at 90 mTorr,
respectively. The electron density and temperature, measured by Stark broadening, assuming
a local thermodynamic equilibrium (LTE), were found to be 2.1 × 1017 cm−3 and 0.33 eV at
1mTorr, respectively. The validity of the LTE is discussed according to the results discussed.
Pressure dependence shows a decrease in the vibrational temperature when nitrogen pressure
increases, while the electron density and temperature increase.

Keywords Optical emission spectroscopy · Laser ablation · Plasma properties · Fullerene
related materials

PACS 61.48.+c · 52.38.Mf · 52.25-b · 52.70. Kz · 78.30.–j · 81.05.Tp

1. Introduction

The characterization of laser-ablation plasmas through the determination of their main param-
eters, as temperature, electron density, and number densities of the different species present in
the plasma, has gained high interest in recent years, allowing to improve the process control
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and providing better understanding of these complex and versatile spectroscopic sources.
Temperature is a crucial parameter that, if local thermodynamic equilibrium (LTE) is sat-
isfied, determines the distribution of level excitation through the Boltzmann equation and
the ionization equilibrium through the Saha equation. For LTE existence in plasma, electron
density has to be high enough so that collisional rates exceed radiative rates. In this case,
the so-called excitation (Boltzmann) and ionization (Saha) temperatures coincide with the
electronic temperature, i.e., with the temperature of the Maxwellian distribution of electron
velocities [1].

The most widely used method to determine the temperature of laser-ablation plasmas
has been the Boltzmann plot method, which provides the excitation temperature from the
measurement of line emissions from a single species. In its simplest form, only two emission
lines, which differ on their upper level energies, are necessary to obtain the excitation tem-
perature [2, 3]. In some works, Boltzmann plots have been obtained from a higher number of
emission lines [3–8]; in this case, a good correlation of the experimental data to a linear fitting
indicates the validity of the Boltzmann equation. In some cases, the measured line intensities
corresponded to the emission from the whole plasma [3, 4], so the Boltzmann plot method
provided a single value of the excitation temperature of the plasma. Also, time resolution is
used in light detection, as the plasma temperature is known to experience a rapid decrease due
to the plasma expansion. In other cases, the emission from the plasma is spatially resolved
in order to obtain the temperature at a given distance from the sample [6, 8].

A second method used in some works [9–12] to obtain the plasma temperature is based
on the Saha equation that relates the number densities of consecutive ionization stages of an
element in combination with the Boltzmann equation, yielding the population distribution for
each species. In this method, the ionization temperature is obtained from the emission lines
of the neutral atom and the ion of an element. The advantage of this method with respect to
the Boltzmann plot method is that a wider range of upper-level energies may be obtained by
including lines from neutral atoms and ions, which results in higher accuracy in the resulting
temperature values. Ionization temperature was obtained, in some cases, from the emission
intensity of the whole plasma [10] and, in other cases, with spatial resolution in the axial
direction [11, 12]. In some works, the Saha–Boltzmann method was applied using two lines,
one from the neutral atom and another from the ion [10–12].

Pulsed-laser deposition (PLD) has been broadly used to grow a variety of carbon-containing
refractory films such as diamond-like carbon [13–15], carbon nitride [16–18] and, silicon
carbide [19, 20]. In particular, since the theoretical study by Liu and Cohen [21], extensive
work has been done to deposit β-phase carbon nitride known as superhard material by laser
ablation of a graphite target in a nitrogen atmosphere.

In PLD, the properties of the film growth are mostly affected by laser-ablation plasma,
the so-called “plume” produced by irradiation of a target using a high-power laser pulse. The
plume consists of target materials, which are to be transferred to a substrate mounted facing
the target. The composition of the plume is nearly identical to that of the target although
there could be some mismatch due to incongruent melting of the target and/or intentional
supply of atoms from the ambient gas. For instance, inclusion of nitrogen atoms is achieved
by supplying nitrogen via reactive laser ablation of a graphite target in a nitrogen atmosphere.

Not only do such quantitative properties, but also dynamic properties like kinetic energy
of each species in the plume have significant effects upon the PLD-grown films. Addition-
ally, vibrational and rotational temperatures of the molecules produced by chemical reactions
in the plume are expected to be important parameters in determining plume properties. In
this respect, it would be important to elucidate the correlation between plasma parameters
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and deposited film properties [22, 23], one of the ultimate goals of the research on PLD
mechanisms.

In this work, we present experimental results on the laser ablation of a graphite target in
nitrogen atmosphere, calculating the velocity of plume expansion and formation of molecules
by using the optical emission spectroscopy method. Optical emissions from the excited C2

and CN molecules, as well as atomic species — both ionic and neutral — were observed and
the vibrational temperatures of C2 and CN molecules in their electronically excited states
and electron and ionization temperature were derived.

Evolution of the carbon plasma-plume generated by laser ablation of a graphite target in a
reactive gas is strongly dependent upon ablation conditions such as laser wavelength, fluence,
ambient gas, and pressure. Particularly, the evolution of C2 and CN molecules in the plume
were reported to be directly affected by ambient gas pressure. However, the expansion and
formation mechanisms of C2 and CN molecules are as of yet not fully understood, demanding
further investigation.

2. Experimental setup

The experimental setup and experimental procedure were described previously [17, 24]. We
used a short-pulse, Q-switched Nd: YAG laser which provided 7-ns, 500-mJ laser pulses at a
wavelength of 1064 nm with a 10-Hz repetition rate. The experiment took place in a stainless
steel vacuum chamber configured as a six-way cross of 10 cm inner diameter tubes forming
a central 10-cm diameter target chamber evacuated to 10−5 mTorr, and flushed with pure
nitrogen (99.999) at different flow rates during experiments. The laser beam was focused
with a 20-cm focal length lens on a graphite target (99.99%) with a 45◦ angle of incidence,
giving an energy density of approximately 10 J/cm2. Nitrogen gas (99.999%) was injected
to the chamber as a reactive gas, and the flow of such was accurately controlled by a needle
valve. During laser ablation, nitrogen pressure was varied from 1 to 90 mTorr as measured
by a vacuum gauge. The substrate was placed at a distance of 30 mm from the target. The
films were deposited on silicon substrates that had previously been ultrasonically cleaned in
acetone.

Emission spectra were collected, imaged onto spectrograph TRIAX 550™ with 1200
grooves/mm grating and a resolution of 0.025 nm using two 10 and 13 cm focal length lenses
positioned outside the reactor. For time-integrated spectra measurements, the spectrograph
was equipped with a CCD linear sensor (1024 × 256). Most of the spectra were collected
with integration times of 1 s.

3. Results and discussion

Figure 1 displays the emission spectra, taken at a distance of approximately of 1 cm from
the target, over a range from 350 to 600 nm at a fluence of 10 J/cm2 at a wavelength of
1064 nm and 7 ns energy pulse from different nitrogen pressures. The observed spectra con-
tain a large number of peaks, causing notable superposition, and making identification of
various band heads difficult. Identification of atomic and molecular species was made by
comparing observed spectral lines with the files of known lines [25–27], reported in Table 1.
Major peaks are labeled, corresponding to the specie producing the spectral peaks. Highly
emissive species include neutral and ionized atomic carbon (CI, CII and CIII), diatomic
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Fig. 1 Typical time-integrated optical emission spectra during laser ablation of graphite at different nitrogen
pressures. Laser fluence was set at 10 J/cm2

nitrogen and carbon, and CN. The spectra were also characterized by a strong continuum
emission, originating from different transition mechanisms involving free electrons.

As seen in Fig. 1 in the spectral range from 350 to 600 nm, emission lines of CI neu-
tral carbon (501.12 and 505.21 nm), NI neutral nitrogen (493.5 nm), CII (426.72, 463.7,
515.11 nm), and CIII ions (465.02 and 569.59 nm), and NII ions (501.06 and 500.73 nm),
were dominated. Bands of C2 Swan (d3�g → a3�u,�ν = 2, 1, 0,−1), and CN Violet
(B2�+ → X2�+,�ν = 1, 0,−1) systems, and ionic emissions from the First Negative
system N+

2 (band head at 391.44 nm), were faintly observed under our specific experimental
conditions. In addition, intense line of first positive of N2 (590.6 nm) was observed. Emission
intensities were highly dependent on nitrogen pressures [22, 28].

The general structure of the spectra does not vary much with the N2 pressure, while the
intensities of the specific emissions do (see Fig. 1). CII and CIII lines varied in emission inten-
sities as nitrogen pressure increased from 1 to 90 mTorr, but no clear trend was observed.
The intensities of bands of CN Violet (�ν = 2) and C2 Swan (�ν = 1) systems slightly
increase in this pressure range; and at 1 mTorr their intensities are quite weak. Although for
ionic emissions from N+

2 (band head at 391.44 nm) their intensities are very low, this band
head increases when nitrogen pressure increases. However, background emission intensities
increased with the increase in nitrogen pressure. It should be noted that emission intensities
of the first positive of N2 (590.6 nm) system increased drastically with nitrogen pressure. As
reported, the expansion of the plume is limited at high pressures and the plume is spatially
confined [23, 29]. Consequently, dissociation rates of CN molecules overtake formation rates
at high pressures given the increased number of energetic collisions in the plume.
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For CNx growth, a direct reaction of molecular nitrogen with carbon is a non-probable
process [30], hence atomic nitrogen generation in the CN radical formation is necessary.

3.1. Determination of vibrational temperature

For plasma in local thermodynamic equilibrium (LTE), the number densities at various vibra-
tional levels of the molecule in the excited state can be evaluated using the Boltzmann
distribution [31–35].

ln
∑

ν′′
(λ4 Iν′ν′′) = C − G(ν′) hc

κTvib
(1)

where λ is the wavelength corresponding to the emission, h Planck’s constant, c the velocity
of light, C a constant, G(ν′) the term value corresponding to the vibrational level in the
upper electronic state and Tvib the vibrational temperature. Determination of the vibrational
temperature, TV, requires the analysis of several vibrational bands that belong to a given
electronic transition and differ in the vibrational quantum numbers, v′ (upper vibrational
level) and v′′ (lower vibrational level).

Figure 2 shows the CN Violet (B2�+ − X2�+,�ν = 2) and C2 Swan (A3�g −
X′3�u,�ν = 1) systems in which some peaks are labeled on the plot. Moreover, the effects
of gas pressure on emission intensities of C2 and CN molecules are illustrated in Fig. 2. In
these spectra, very intense CI and CII emission lines overlap some bands of these sequences.

To avoid measurement errors associated with spectral overlap, the CN Violet (B2�+ −
X2�+,�ν = 2) and C2 Swan (A3�g − X′3�u,�ν = 1) sequences of these systems are
used to calculate the vibrational temperature.

The vibrational temperatures for bands C2 Swan (�v = 1, in the 467–474 nm range) and
CN Violet (�v = 2, in the 450–460 nm range) systems respectively, were obtained from
a plot of the sums of the band-head strengths measured in various ν′ or ν′′ progressions
against the vibrational term values G (ν′). The spectroscopic constants G(ν′) used for the
calculations were obtained from Handbook [36].

CN Violet and C2 Swan vibrational temperatures were determined at different nitro-
gen pressures. Calculation of vibrational temperatures for violet system using Boltzmann
distribution of graphite ablation with fluence of 10 J/cm2 at different nitrogen pressures is
shown in Fig. 3. The dependence of the vibrational temperatures of CN molecules on gas
pressure is given in Fig. 4. It can be seen that the increase in nitrogen pressure decreased
the vibrational temperatures of the CN species from 1 to 90 mTorr ranges. This is proba-
bly because the nitrogen atmosphere cooled the hot electrons as well as excited states of
molecules by collisions leading to a more efficient thermalization; thereby decreasing the
vibrational temperature. This result also implies that the distribution of vibrationally excited
states was not in equilibrium with the plasma at low pressures. The addition of nitrogen and
hence the increase of the pressure, improved the confinement of the plasma, which in turn
enhanced the emission from molecular and atomic nitrogen species. This is also supported by
the enhancement observed in the intensities of C2 bands on increasing the nitrogen pressure,
as seen in Fig. 2. The C2 vibrational temperature decreases with gas pressure increase. How-
ever, in Fig. 4 we observe that the CN temperature is higher than for C2. In general, it is
believed that CN molecules are formed by energetic collisions of C2 and N2, while C2 mol-
ecules are mostly generated by the recombination of carbon atoms with a non-activation
barrier in the gas phase [37, 38]. This explains why CN molecules are vibrationally much
hotter than C2 as shown in Fig. 4.
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Fig. 2 Time-integrated spectrum
of laser plasma plume;
(a) Evolution spectrum with gas
pressure reveals some bands of
the CN violet system �ν = 2;
(b) Evolution spectrum with gas
pressure reveals some bands of
the swan system �ν = 1. Both
cases show the effects of gas
pressure upon line intensities

455
460

465
470

20

40

60

20
40

60
80

100

C
III

N
II 

46
3.

05

N
II 

 4
62

.1
4

C
IIIC

N
 (

4,
6)

C
N

 (
3,

5)
C

N
 (

2,
4)

C
N

 (
0,

2)

Pressure
(m

Torr)
In

te
n

si
ty

(a
.u

.)
Wavelength (nm)

(a)

470
475

480
485

5

10

15

20

25

20
40

60
80

CI

CI
C

2(
2,

1)

C
2(

3,
2)

C
2(

4,
3)

C
2(

5,
4)

Pressure
(m

Torr)

In
te

n
si

ty
(u

.a
.)

Wavelength (nm)

(b)

For CN molecules at 90 mTorr of nitrogen pressure, the vibrational temperature was
1.25 eV. These values agree with values previously reported using laser [32–35, 39–41]
and other techniques [42, 43].

3.2. Determination of electron temperature

Assuming LTE resulting from collisions in the plasma, the populations of the bound states
follow the Boltzmann distribution. The relative line intensities from a particular state can be
used to calculate the electron temperature of the plasma [44, 45].

ln

(
Imnλmn

Amngmn

)
= ln

(
N

Z

)
−

(
Em

κTe

)
(2)

where λmn is the transition wavelength, Imn the intensity of the observed transition line, Amn

the transition probability, gmn degeneracy of the upper level, Emn the energy of the upper
level, κ the Boltzmann constant, N the total number of states, Z the partition function, and Te

the electron temperature. For the transition, the upper state is labeled as m and the lower state
by n. The slope (−1/κTe) of the plot of ln(Imnλmn/Amngmn) versus Em yields temperature.
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Fig. 4 Vibrational temperatures
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The spectroscopic lines whose transition probabilities [16] and the other parameters are
known were taken from the recorded spectra at different gas pressures.

We obtained temperatures near 0.33 eV at nitrogen pressures of 1 mTorr at laser fluence of
10 J/cm2 using the 463.7, 512.52, 513.29, 514.52 nm, and 515.11 nm CII lines. Figure 5 shows
that electron temperature at various pressures decreases slightly with nitrogen pressure. The
inset in Fig. 5 shows the Boltzmann plot used to estimate Te at 90 mTorr. Electron temperature
determinations are jeopardized given the overlapping effect.

The CN vibrational temperature is about three times higher than the electron tempera-
ture, which is typical for a nonequilibrium vibrational distribution [1, 46]. In general, we
observed higher electron and vibrational temperatures for lower gas pressure, since in-vac-
uum plasma expands freely while the ambient gas confines it to a smaller region resulting
in reduced expansion rates and hence an enhanced cooling rate due to collisions. The rate at
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Fig. 5 Electronic temperature at
10 J/cm2 determined by using
Equation 2 at various nitrogen
pressures. Inset: Boltzmann plot
at 90 mTorr
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which temperature changes depends on elastic collisions, electron heating—due to collisional
de-excitation of metastable ions, along with recombination effects [1, 46].

3.3. Estimation of electron density

There are three possible broadening mechanisms that can occur in the laser-ablated plume.
The Doppler broadening, resulting from motion of the atoms, the Stark-broadening from col-
lisions with charged species, and the resonance broadening arising from collisions between
the neutral species exciting strong resonance lines [1, 45]. Estimation of electron density
depends principally upon the measurement of the Stark and Doppler broadening of some
optical lines [45]. Doppler broadening is estimated by using the formula (�λ)1/2 = 7.16 ×
10−7λ(Te/M)1/2, where Te is the electron temperature in Kelvin and M the atomic mass [47].
In our case, for the 3d2D–4f2F0 transition of singly ionized carbon (CII) at 426.7 nm with
Te = 3801 K (0.33 eV) at 1 mTorr, the Doppler line width is 0.0054 nm; much less than the
0.30 nm full width at half maximum (FWHM) observed in our experiment, so the effect due
to Doppler broadening can be ignored. Stark broadening of an isolated line in the plasma was,
thus, used to estimate electron density in the plasma. The 3s2P–4p2S0 transition of atomic
nitrogen (NI) at 493.5 nm was used for electron density measurements. The Stark-broadened
profiles were recorded at various pressures and fitted to the Lorentzian profile.

FWHM (�λ)1/2 of the Stark-broadened of a line, is related to the electron density through
the expression [44, 47]

�λ1/2 = 2W
( ne

1016

)
+ 3.5A

( ne

1016

)1/4 ×
(

1 − 3

4
N−1/3

D

)
W

( ne

1016

)
(3)

It is the sum of two (electron impact and ion-impact) terms. A is the ion broadening param-
eter and W is the electron impact-width parameter. Both W and A are nearly temperature
independent [45]. ND is the number of particles in Debye sphere at a plasma temperature
and Te is given by

ND = 1.72 × 109 [Te(eV)]3/2

[
ne(cm−3)

]1/2 (4)

The contribution is almost entirely due to electron impact, and the half-width of the Stark-
broadened transition can be estimated by the first term in Equation (3) to a good
approximation [48]. Expression (3) reduces to
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�λ1/2 = 2W
( ne

1016

)
(5)

where ne is the electron density in cm−3. The line shapes observed were corrected by sub-
tracting the contribution of the instrumental width at its minimum 0.025 nm using

�λtrue = �λobserved − �λinstrumental (6)

The W and A parameters can be found in Ref. [45]. Figure 6 shows the variation of elec-
tron density as a function of nitrogen pressure for a plume produced at a laser fluence of
10 J/cm2. The inset in Fig. 6 shows a typical broadened profile, FWHM of 0.37 nm, fitted
with a Lorentzian line obtained at 1 mTorr of nitrogen gas and 10 J/cm2. Using typical values
from our experiment, we found particle density in Debye sphere ND = 0.5. Using broadening
parameters (W = 0.00806 nm and A = 0.0044 nm) the line width due to ionic contribution is
estimated to be 0.04 nm, much less than the observed width in our experiments.

To estimate the number density of two consecutive ionization stages for locally equili-
brated plasma, we used Saha equation [49]:

nine

na
= 2

Z i

Z

(
2mκTe

h2

)3/2

exp

(
− Ei

κTe

)
(7)

where ni, ne, and na are the number density of singly charged ions , electrons and neutral
atoms, respectively, Z i, Z are partition functions of the ion and the atom, and Ei is the
ionization potential. For nitrogen plasma the equation (7) can be rewritten as:
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Fig. 6 Variation of plasma electron density (ne), calculated from Stark broadening, at a laser fluence of
10 J/cm2. Inset: Stark-broadened profile for NI transition (3s2P–4p2S0) at 493.51 nm. Dotted line represents
the Lorentzian fit
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ni

na
= 2.04 × 1015

ne
(κTe)

3/2 exp

(
−11.26

κTe

)
(8)

Using the measured values of electron temperature, we found that the fractional ionization
is low for different pressures, for Te = 0.33 eV and densities of about 2.3 × 1017 cm−3.
The fractional ionization is around 3 × 10−12; the degree of ionization remains low until
Ei is only a few times lower than Te [50], suggesting that the recombination rate, in this
region, is very high and therefore we have weakly ionized plume plasma, given that the elec-
tronic temperature is lower than ionization potential of the species. In practice, the heating
of the plasmas occurs at temperatures above 1 eV (over the boiling points of most materi-
als) by inverse-Bremsstralung absorption of the laser light in a free. Free transition of an
electron-ion pair; the absorption coefficient for this process better predicts absorption at
longer laser wavelengths; however, it requires higher densities in the order of 1019 cm −3

for significant absorption. For pulsed-laser deposition (PLD) processes, these conditions are
normally not fulfilled [50, 51].

3.4. Local thermodynamic equilibrium (LTE)

Since for our analysis of Te we have assumed plasma is in LTE, it is worth to check in these
experiments the conditions for LTE. In a transient system, such as the plume formed by
a pulsed-laser beam, for LTE to be fulfilled, the electron–atom and electron–ion collision
processes must be extremely rapid and must dominate the radiative processes [44, 45]. In
a system at LTE, particles will have Maxwellian velocity distributions, populations of the
species in their energy levels will follow Boltzmann statistics, and the ionization processes
will be described by Saha’s equation and radiation density will obey Planck’s law.

Clearly, for LTE the electron density must be sufficiently high. Befeki [45] and McWhirter
[49] has derived a necessary (but not sufficient) criteria for LTE

ne � 1.4 × 1014T 12
e (�Emn)

3 cm−3, (9)

where Te is the electron temperature in eV, and �Emn is the energy difference between the
upper and lower energy levels (in eV). Substituting values for Te (0.38 eV) and �E (2.51 eV)
in (9) the lowest limit for ne is 1.37 × 1015 cm−3. Our calculated values of ne are two orders
of magnitude higher than this limit, implying that LTE approximation for these analyses is
valid.

The velocity of the plasma was also analyzed. Whenever the LTE criteria are satisfied,the
velocity of the plasma produced by Nd: YAG laser in nitrogen gas is given by [52]:

v =
(

2

γ − 1

) (
γ κTe

M

)1/2

(10)

where M is the mass species and γ is defined as the ratio of specific heat for the plume. In the
current case where the laser fluence is 10 J/cm2, T = 0.33 eV at 1 mTorr, and the specific heat
ratio of the diatomic molecule vapor γ = 1.4, plasma velocity is found to be 6.5 × 105 cm/s,
reasonably agreeing with previous work [53].

3.5. CNx film characterization

Carbon Nitride (CNx ) thin films were deposited on silicon (1 0 0) and (1 1 1) substrates at a
temperature of 300 ◦C by PLD technique at 2 and 10 J/cm2 at a gas pressure of 1–90 mTorr
[24]. The composition and structural properties of the as-deposited films were investi-
gated as functions of gas pressure. X-ray photoelectron spectroscopy (XPS) revealed a
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Fig. 7 XPS N1s core level
spectra of CNx thin films
deposited by PLD of graphite at
indicated pressures and fluence
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strong dependence of the amount of structurally incorporated nitrogen upon the gas pres-
sure, where a maximum was observed at the highest laser fluence of 10 J/cm2 and an
intermediate pressure of 30 mTorr. Further analyses of the XPS N1s core level spectra
of the CNx films, exhibiting the highest elasticity in nano-indentation experiments, re-
vealed a typical double peak arrangement, which is most pronounced for the highest laser
fluence at low pressures. These two peak components indicate that the nitrogen bonded into
a graphitic structure dominates over the twofold coordinated pyridine-like bonding config-
uration. This favors the growth of intersecting corrugated graphene structures that may be
considered to have a “fullerene-like” microstructure. The N1s and C1s XPS spectra of the
CNx films show two major binding energy bands centered at about 400 eV and at about
285 eV, respectively. These bands are characteristic for the bonding structure of nitrogen and
carbon. The evolution of the N1s level spectra of carbon nitride films deposited at different
pressures at a laser fluence of 2 and 10 J/cm2 is reported in a previous work [24] and, we also
discussed on the interpretation the peak contribution in N1s XPS peak (Fig. 7).

Peaks I and II are main components, Peak I on 398–399 eV (PI) is related to twofold
coordinated sp2-hybridized nitrogen (sp2 C–N) bonds — attributed to electrons originating
from nitrogen atoms having two neighbors just like in Pyridine. Nitrogen atoms can also be
bonded substitutional for carbon in a graphite ring system. Peak II on 400.0–400.8 eV (PII)
corresponds to the respective sp2 C–N bonds, originating from nitrogen atoms having three
neighbors [24, 54]. The ratio of peaks I and II separated by approximately 2 eV, can be taken
as an indicator that the microstructure of the films is fullerene-like, if the ratio of PII/PI is
greater than 1 [55, 56]. As seen in Fig. 8, there is a clear decrease in the PI I /PI peak ratio with
an increase in gas pressure, we observe similar trends in vibrational and electron temperature
of plasma (Figs. 4 and 5).

According to Voevodin [57] et al. the availability of CN radicals with a high vibrational
temperature was suggested to promote the formation of fullerene-like CNx in laser ablation
of graphite targets at low nitrogen pressures.

4. Conclusions

We used the optical emission spectroscopy method to analyze the chemical species gener-
ated by the Nd:YAG pulsed-laser irradiation of nanosecond duration of a graphite target in a
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nitrogen atmosphere. C2 and CN molecules were the dominant sources of optical emission
at pressures above 90 mTorr. At low pressures below 50 mTorr, CI, CII and CIII were the
most enriched species in the plume. Vibrational temperatures of electronically excited C2

and CN molecules were obtained by Boltzmann plot method of the experimental spectra. CN
molecules were hotter than C2 molecules; presumably given the differences in their forma-
tion mechanisms: C2 molecules are formed by a recombination of carbon atoms, while CN
molecules are produced through a chemical reaction between C2 and N2.

Electron temperature and plasma density change with increases in nitrogen pressure. The
LTE approximation is valid for these generated plumes, where the Stark effect is the principal
mechanism for line broadening. The Saha–Eggert equation is applied to calculate the degree
of ionization in the vapor phase, on the basis of the assumption that local thermal equilibrium
is reached.
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