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Abstract

Pulsed laser ablated carbon plasma in a nitrogen background gas in the pressure range from 10 mTorr to 100 Torr is
investigated by optical emission spectroscopy using 1.064 and 0.355 pm laser wavelengths. C, and CN emission bands
dominated the emitted spectrum at all ambient gas pressures at low incident laser intensity commonly used for pulsed
laser deposition of thin films. The light intensity of C, and CN band heads is highly dependent on laser wavelength,
laser energy, and ambient gas pressures. Emission from NJ was detected at all nitrogen pressures. N I and N I are also
observed in the emitted spectrum at the background gas pressure greater than 1 Torr. The vibrational temperature of
CN species is found to be greater than that of C, species. The mechanism of formation of C, and CN molecules is

discussed. © 2002 Published by Elsevier Science B.V.
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1. Introduction

In recent years, pulsed laser deposition (PLD)
has become an attractive technique for depositing
thin films of a wide variety of materials [1,2]. In
spite of the well known established and recog-
nized potentials of the technique, the phenomena
involved are not completely understood and the
film deposition is partly being done in an empirical
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manner. The growth process may be supplemented
by a passive or reactive gas or ion source, which
may affect the ablation plume species in the gas
phase or the surface reaction. For ablation in re-
active gases like oxygen and nitrogen simple oxide
and nitride molecules are also formed in the ex-
panding ablation plume resulting in oxide and
nitride films on the substrate [3-7]. Among the
several characteristics that distinguish PLD from
other film growth techniques is congruent de-
position, and hence it has been used to grow
superconducting superlattices and superconduct-
ing device structures [8]. Recently, combinatorial
methods, an approach in which a large number of
materials are synthesized, processed and screened
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for specific properties have been applied to the
discovery and optimization of several functional
materials [9,10].

It is now well accepted that laser produced
plasmas play an essential role in determining the
ultimate characteristics of the deposited films. The
characteristics of the pulsed laser induced plasma
such as density, temperature and velocity are
greatly influenced by various factors such as laser
wavelength, laser irradiance, angle of incidence,
irradiated spot size, ambient gas pressure and type,
and target properties etc. [1,2,11,12]. Depending
on the laser power and pulse duration the laser-
ablated plume may consist of atoms/ions in the
excited states or clusters [13]. Laser ablated plas-
mas in a background gas are being widely used for
nano-particle production [14]. Laser created car-
bon plasmas in an ambient atmosphere have been
used to deposit a variety of thin films such as
diamond-like carbon, fullerenes and superhard
B-phase carbon nitride (B-C3;N,) etc. [12,15,16].
Ablation of aluminum and titanium in presence of
nitrogen gas has also been studied to understand
the role of plasma parameters in the formation of
nitride thin films [17,18]. The quality of diamond
like films deposited in presence of nitrogen gas is
believed to degrade with increase in nitrogen gas
pressure. It is argued that both multiple scattering
and associative reactions of the ablated species
with ambient gas molecules contribute to the film.
The quality of the film obtained depends on the
distribution of internal energy and kinetic energy
of ions, neutrals or clusters in the plasma plume.
Hence the knowledge of the behavior of the plume
species ejected from laser ablated target surface is
a key issue for understanding the laser ablation
process and deposition of thin films.

Generally, the diagnostics of PLD plume ex-
pansion and its dynamics is carried out using op-
tical emission spectroscopy (OES), absorption
spectroscopy, laser induced fluorescence, time of
flight mass spectroscopy, fast photography and
electrostatic ion probes etc. [6,11,19-21]. Among
all these techniques OES is preferred mainly be-
cause of its ease of operation and of non-intrusive
nature. It provides information about the species
emitted and their evolution in an expanding laser-
induced plasma plume. Although laser ablation

under various conditions has been studied, more
work is still needed to understand laser ablation
and gas dynamics of the plume. In the present
work we have studied spatially and temporally
resolved optical emission characteristics of laser
ablated carbon plasma in nitrogen atmosphere at
low laser energies. The paper is organized as fol-
lows. Section 2 gives the experimental set up and
parameters of the study. Physical processes nec-
essary to understand laser ablated plasmas and
correlation with the deposited film are summarized
in Section 3. In Section 4 we discuss the results of
our study on interaction of laser ablated carbon
species with the background gas. Conclusions are
given in Section 5.

2. Experimental setup

The experimental setup used in the present work
is similar to the one reported elsewhere [13]. The
laser ablation of graphite was performed using
1.064 and 0.355 pm wavelength of a Nd:YAG
(DCR-4G, Laser Spectra) laser with a Gaussian
limited mode structure delivering up to 1 J of en-
ergy at its fundamental in 8 ns (full width at
half maximum, FWHM) with 10 Hz repetition
rate. Laser radiation was focused using a spherical
lens on to a graphite target (density 1.83 g/cm?)
mounted in the vacuum chamber that could be
evacuated to a pressure better than 10~ Torr. The
laser beam was incident normal to the surface and
the irradiated spot at the target was of diameter
260 um. The target was rotated continuously so as
to allow each laser pulse to interact with a new
surface area. The vacuum chamber was purged
several times before filling the gas into it for per-
forming the experiment. The experiment was car-
ried out at various nitrogen gas pressures ranging
from 10 mTorr to 100 Torr. The plasma emission
was imaged onto the slit of a monochromator
(HRS2, Jobin Yvon) so as to have one to one
correspondence with the plasma and its image. The
output from the monochromator was detected with
a photo-multiplier tube (PMT) (IP28, Hamamatsu)
and recorded on a strip chart recorder or displayed
on the screen of the storage oscilloscope (TS-8123,
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Iwatsu). The signals were digitized and fed to a
personal computer for further data processing.

3. Physical processes

PLD is described as a three step process (i)
laser-target interaction i.e. absorption of the laser
energy by the target leading to a rise in tempera-
ture and subsequent vaporization of the target, (ii)
material ejection from the target and the forma-
tion of plasma plume which expands in vacuum or
background gas, (iii) plasma-substrate interaction
leading to film deposition. Each of these processes
plays a crucial role in defining the quality of the
deposited films. In this section we summarize the
important general features of PLD. As far as pos-
sible the discussion given below is material un-
specific.

When laser radiation is absorbed in the surface
of material, the electromagnetic energy is imme-
diately converted into electronic excitation in the
form of plasmons, unbound electrons, and in the
case of insulators, excitons. The excited electrons
transfer their energy to the lattice within a few
picoseconds and heating begins within the optical
absorption depth of the material 1/a, where o is
the optical absorption coefficient. If the thermal
diffusion length, given by I; = 2(Drp)1/ 2 where D
is the thermal diffusion constant, is smaller than
1/o, the bulk will be heated down to 1/a, inde-
pendent of the pulse width. This condition should
be satisfied in order to have congruent evaporation
of multielemental targets. However, in metals
1/ < I, absorption depths are typically 10 nm.
Also for ablation using a ns pulse, the nascent
vapor cloud may get ionized before the laser pulse
is over. The electrons will transfer their energy to
the lattice within a few picoseconds resulting in
heating of the ablation layer. Therefore, the bulk
of material under the plasma is largely screened
from the remainder of the laser pulse, which is
partly absorbed by the plasma as it becomes in-
creasingly ionized [22]. This process known as laser
supported absorption produces plasma species
with high kinetic energy ranging between 1 eV and
more than 100 eV. For materials with small value
of absorption depth (a high value of «) very hot

species and lower ablation yields are expected.
These highly energetic plasma species provide the
possibility of surface processes far from thermal
equilibrium. The effective thermal diffusion length
is reduced to /5" = 2(Dter)'* where T is the time
needed to create an erosion plasma after the start
of the laser pulse.

Absorption of radiation takes place by the
process of inverse bremsstrahlung with an ab-
sorption coefficient [23] in cm™! of

732 hy
p— 8 ! - T
K, =3.69 x 10 { 7123 } {1 eXp < kBT>]

where n; is the density of ions in cm ™, T is the gas
temperature in K and v is the frequency (in Hz) of
incident light, kg is Boltzmann constant, the factor
[l —exp (—hv/kgT)] gives the loss due to stimu-
lated emission. For the Nd:YAG laser of wave-
length 1.06 um, [1 —exp (—Av/kgT)] =1 for T <
13,000 K and close to hv/kgT for T > 13,000 K.
As the vapors cloud absorbs incident radiation it
becomes hotter, more ionized and starts absorb-
ing more efficiently. A general feature of ablation
plasmas (also known as ‘plumes’) is their high ion
and electron temperatures of the order of several
thousand Kelvin, and their high degree of ioniza-
tion. The high temperature affects the degree of
ionization of the plume in accordance with Saha
equation [24].

Starting with the initial work of Dawson et al.
[25] several studies [26-29] on the effect of a back-
ground gas on expanding laser ablated plumes
have shown that a plume interacts hydrodynami-
cally with the background gas, undergoes a tran-
sition to a stable shock front as the material
scatters off the background gas, becomes delayed,
and coalesces with the slower moving material.
Shock wave, blast wave, and drag force models
have been used to explain the dynamics of the ex-
panding plumes. Experimental results are best ex-
plained by shock wave and drag force models at
large time [30-32]. The front propagates with
gradually decreasing velocity towards a substrate
on which film growth occurs. Experiments on PLD
in the presence of an ambient gas have shown that
the deposition rate depends on parameters of the
ambient gas.
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4. Results and discussion

The optical emission spectra of laser-ablated
carbon in the presence of nitrogen gas pressures
ranging from 10 mTorr to 100 Torr were recorded
at various distances from the target surface. The
plasma emission from the target at higher laser
intensities was dominated by various atomic/ionic
species of C IV to C 1. At low laser intensities
generally employed for PLD the plasma emission
was dominated by CN violet (B>X*—X?X™) bands
of the sequence Av = —1, 0, 1 and C, Swan bands
(c 'MIy—a1,) of the sequence Av = —1 [33]. The
emission from C I, CII, N, N I and N II was also
observed. No emission was observed when radia-
tion was focused in the chamber without the tar-
get.

A typical emission spectrum of the carbon
plume in the spectral range 350-400 nm recorded
at a distance of 4 mm from the target surface at
100 mTorr nitrogen using laser intensity of
1.18 x 10" Wem™2 of 1.064 pum radiation is shown
in Fig. 1. The emission lines were identified using
the information available in the literature [34,35].
The figure shows prominent CN violet bands
(B>ZT—-X2X") of Av =0 sequence consisting of
band heads (0-0) at 388.3 nm, (1-1) at 387.1 nm,
(2-2) at 386.2 nm, (3-3) at 385.5 nm and (4-4) at
385.1 nm, and for Av = 1, the bands (1-0) at 359.0
nm, (2-1) at 358.6 nm and (3-2) at 358.4 nm.
In addition, intense emission from Nj (B>~ -X?
Zg), Av =0 sequence with band head (0-0) at
391.4 nm and Av = 1 sequence with band heads
(1-0) at 358.2 nm, (2-1) at 356.4 nm, (3-2) at
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Fig. 1. Emission spectrum of carbon plasma recorded at a distance of 4 mm from the target surface at 100 mTorr of nitrogen gas
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pressure at laser intensity of 1.18 x 10! Wcm

2 of 1.064 um radiation.
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354.9 nm, (4-3) at 352.8 nm and (5-4) at 353.3 nm
are also present. A few C I and C II lines are also
seen in the spectrum. Fig. 2 shows the emission
spectrum of the plasma in the spectral range 410-
425 nm at 1 Torr of nitrogen gas pressure. CN
violet bands of Av = —1 sequence with band heads
(0-1) at 421.6 nm, (1-2) at 419.7 nm, (2-3) at 418.1
nm, (3-4) at 416.8 nm, (4-5) at 415.8 nm and (5-6)
at 415.2 nm dominate the spectrum. The intensity
of all the emitted species increases with increase of
background N, gas pressure. A detailed investi-
gation on CN bands formation was undertaken to
understand their role in PLD. Fig. 3 shows the
intensity of (0-0) CN band head at 388.3 nm as a
function of laser intensity at various nitrogen gas
pressures at 6 mm from the target surface. Every
point in the figures to follow is an average of five
observations. The band head intensity increases
when the N, gas pressure is increased from 10
mTorr to 1 Torr but decreases with further in-
crease in pressure up to 100 Torr. Similar to earlier
reports we did not observe CN emission at very
low pressure [36]. The incorporation of the ambi-
ent gas helps to cool the molecular species and
increases the recombination rate. The radiative
and three body recombination rates have temper-

CN violet
AvV=-1

4156 (45)

416.8 3-4)

418.12-3)
419.7 1-2)

Intensity (arb.units)
4152 (5-6)
4216 0-1)

410 Wavelength (nm) 425

Fig. 2. Emission spectrum (CN violet band, Av = —1) of car-
bon plasma at 1 Torr pressure of nitrogen gas at laser intensity
of 1.18 x 10" Wem™2 of 1.064 um radiation.
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Fig. 3. Variation of intensity of CN violet band head (0-0) at
388.3 nm with laser intensity of 1.064 pm radiation recorded at
a distance of 6 mm from the target surface and N, gas pressures
of (a) 1072 and 10~ Torr and (b) 1 and 10 Torr.

ature dependence of 7-¥* and T-%/2, respectively
[37]. However, at higher pressure the rapid fall
observed in intensity may be due to dissociation
of nitrogen gas (note the difference in observed
spectrum in Figs. 1 and 7) or the decrease in C,
due to cooling of plasma, discussed later. It can
also be seen from the figure that the band head
intensity first increases with energy, attains a
maximum value and then decreases. The depen-
dence of CN band head intensity as a function of
distance from the target surface is shown in Fig. 4.
The band head intensity in vacuum decreases as
the distance from the target surface is increased.
However, in presence of nitrogen ambient the in-
tensity is found to peak at a certain distance along
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the target surface normal. This depends on density
of C, and pressure of nitrogen gas, discussed later.
Due to collisions the CN band emission profiles
also become broader in presence of ambient gas.

We have earlier reported C, emission from laser
ablated carbon using various harmonics of
Nd:YAG laser in presence of helium and argon
gases [38]. Fig. 5 shows the behavior of C, and CN
bands as a function of distance from the target
surface at 100 mTorr of nitrogen gas pressure at
laser intensity of 1.18 x 10'® Wem™2 of 1.064 pm
radiation. The intensity of C, bands is found to be
much smaller than that of CN bands. C, emission
has a narrow profile with a maximum close to the
target surface and diminishes fast with distance
from the target surface. CN emission has a broad
profile with a maximum at a distance larger than
that of C,. The different spatial profile of C, and
CN suggests a different formation mechanism of
these species.

In addition to the C, and CN bands, (0-0) band
of Nj is also observed. The (0-0) band head in-
tensity of N5 at 391.4 nm as a function of distance
at various nitrogen gas pressures is shown in Fig.
6. The intensity of band head shows a maximum
at some distance from the target surface and
decreases on either side of it. Also, these bands are
found to be prominent up to 1 Torr pressure only.
The intensity of these bands reduces drastically at
pressures beyond 1 Torr of nitrogen gas. The

Fig. 4. Variation of intensity of CN violet band head (0-0) at
388.3 nm with distance from the target at laser intensity of
1.18 x 10" Wem™2 of 1.064 um radiation and N, gas pressure
of (a) vacuum (~10~° Torr) and 102 Torr, (b) 10! and 1 Torr
and (c) 10 and 100 Torr.
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Fig. 5. Behavior of C, and CN with distance from the target
surface at 100 mTorr of N, gas pressure at laser intensity of
1.18 x 10" Wem™ of 1.064 pm radiation.
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presence of Nj in the plasma plume can be at-
tributed to the fast electrons impact ionization and
excitation of ambient nitrogen gas. The plasma
emission showed an altogether different behavior
above 1 Torr of pressure. Fig. 7 shows the spec-
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Fig. 6. Dependence of intensity of Nj (0-0) at 391.4 nm on
distance from the target surface. The laser intensity was
1.18 x 10" Wem™2 of 1.06 um radiation.

trum of the plasma plume at 10 Torr N, gas re-
corded at a distance of 10 mm from the target
surface. The spectral lines corresponding to N I
and N II are observed in addition to the CN
bands. The spatial evolution of N I and N II was
found similar to that of C I and C II. This may be
due to the fact that these species are formed by
dissociation and ionization of gas molecules by
collisions in plasma plume.

To see the effect of incident laser wavelength on
CN bands formation, the emission spectra of the
CN violet band were also recorded using 0.355 pm
laser wavelength at various nitrogen gas pressures.
The observed intensity of the bands was larger at
0.355 um irradiation compared to 1.064 um. This
probably is due to difference in optical penetration
depth that decreases with the wavelength [23] as
discussed in Section 3. The smaller volume of in-
teraction results in a more effective coupling of
radiation. The vibrational temperature of CN and
C, molecules was estimated at various ambient gas
pressures using different laser energies. Band head
intensities of CN violet and C, Swan bands were
used to estimate the vibrational temperature. The

PNz =10Torr
~
n
= -
= rs
= s
= X
bl °
s &
N~ b4
z
§ - CN, Av=0 0
-4 o
= 2
2
N,, Av=1
1
350 425
Wavelength (nm)

Fig. 7. Emission spectrum of carbon plume at 10 Torr of N, gas pressure in the spectral range of 350-425 nm at 10 mm.
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Fig. 8. Variation of vibrational temperature of C, and CN with
distance from target surface at 1 Torr of nitrogen gas pressure.

relative population in each vibrational level can
be found using theoretical Frank—Condon factors
and the band intensity. The relative population of
the upper vibrational level as derived from the
measured intensities was plotted against the vib-
rational quantum number. The slope of the curve
gave the vibrational temperature. Fig. 8 shows the
variation of vibrational temperature of CN and C,
as a function of distance from the target surface at
1 Torr of nitrogen gas pressure. The vibrational
temperature of both CN and C, species decreases
with distance from the target surface. The vibra-
tional temperature of CN is found to be larger
than that of C,. It indicates that the CN molecules
are formed in the energetic collisions between C,
and N, molecules in the gas phase. The tem-
perature decreases due to collisions of C, and CN
molecules with the surrounding gas as plasma ex-
pands.

The temporal profiles of CN violet (0-0) band
at 388.3 nm were recorded at different distances
from the target surface and nitrogen gas pressures.
Fig. 9 shows variation of time delay in the peak
emission intensity observed at a distance of 6 mm
from the target surface for various nitrogen gas
pressures. The peak emission intensity is found to
increase as the pressure is increased to 1 Torr and
decreases on further increase in pressure. It further
indicates that the formation of CN radical is op-
timum at 1 Torr of N, pressure. The velocity of
the plume decreases with increasing collision fre-

~ L5
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E (®) 10% Torr
z 1.0 © 10" Torr
5 (d) 1Torr
= (e) 10 Torr
.FE’ 0.5
S

0 =

50
Time (usec) 100

Fig. 9. Temporal profiles of CN violet band head (0-0) at 388.3
nm at various nitrogen gas pressures at laser intensity of
1.18 x 10" Wem™ of 1.064 pum radiation.

quency as the ambient gas pressure is increased.
Moreover, the confinement of plasma increases the
duration of emission.

The above results can be used to understand the
formation mechanism of C, and CN molecules in
a laser-ablated plume in a nitrogen background.
C, molecules in the plasma can originate from
different formation mechanisms such as atomic
recombination of carbon atoms and ions, frag-
mentation/dissociation of higher clusters and their
ions, electron impact excitation of ground state C,
molecules emitted directly from the target. The
observation of atomic/ionic lines in the plasma
suggests that C, is probably formed by atomic
recombination of carbon species in presence of
background gas by the reaction

C+C+M—-GC +M

where M denotes atoms or molecules of the
background gas. In contrast to C,, the maximum
in the spatial profile of CN emission is observed at
a distance from the target surface that depends on
the background nitrogen pressure. The peaking of
intensity of CN with distance from the target
surface indicates that CN molecule is formed by
gas phase reaction between nitrogen gas and car-
bon plume. The concentration of CN molecules
depends on the density of C, molecules. Since C,
decreases with distance as shown in Fig. 5 so does
CN. The decrease in C, may be due to decrease in
C-atoms in the expanding plume [36]. Thus the
density of CN molecules depends on C, and the
surrounding nitrogen gas. This suggests that CN is
probably formed by a reaction of the form
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C; + N, = 2CN*

The star indicates an excited electronic state of
the molecule. Since the bond energies of reactants
and products of the reaction are equal, the forward
and backward reaction rates are determined by the
collision frequency [39]. Therefore, the formation
of CN radical occurs at a point near the target
surface where the C, density is high. The relatively
higher bond energy of CN molecule (7.8 ¢V) than
that of C, (6.2 eV) increases the chances of its
survival in the plasma plume at longer distances,
Fig. 5. It also explains the observed peak in
emission intensity of CN in ambient nitrogen gas
pressure. The peak position shifts depending on
the density of C, and pressure of the surrounding
nitrogen gas. At higher pressures (above 1 Torr),
the CN intensity decrease may be due to dissoci-
ation of nitrogen into atomic/ionic nitrogen as
seen in difference in spectrum of Fig. 1 and Fig. 7
and the decrease in C,. Our observations clearly
imply that the background gas pressure plays a
crucial role in defining the laser-ablated plumes.

The peculiar double peak structure observed
in Fig. 3 can be attributed to the emission pattern
of graphite beyond threshold laser intensity. It
is known that graphite exhibits a large differ-
ence between the interlayer and intra-layer bond
strength and hence at low laser intensities graphite
is ablated layer by layer producing large carbon
clusters (C,) which in turn are dissociated due to
collision with electrons emitted from the target. As
the laser intensity is increased clusters with lower
values are ejected directly from the target. Beyond
threshold laser intensity, temperature of the plas-
ma becomes so large in the vicinity of the target
that it dissociates C, to neutral and ionized carbon
atoms [40]. The absorption due to inverse brem-
sstrahlung, negligibly small at low laser intensities
increases exponentially with increasing laser in-
tensity beyond threshold value [23]. The emission
intensity of ionized species increases drastically
above the threshold laser intensity [13,41]. Once
ions and electrons are produced, one can have
neutral carbon atoms by three body recombina-
tion process of the type C* +¢e +e = C + e. How-
ever, in the vicinity of the target the temperature
of the plume is high and it is the collision pro-

cesses, C+e = C" +e + ¢ that predominate over
the recombination and hence we see excited C,
away from the target. Thus it is expected that be-
yond a threshold intensity C, emission will exhibit
a twin peak structure corresponding to species
generated by dissociation of higher clusters and
those generated by recombination. The former
peak occurs close to the target and the later farther
away from the target. For a given above threshold
laser intensity the onset distance (from the target
surface) of the double structure depends on the
pressure and nature of the ambient gas. As said
before since the formation of CN is dependent on
C,, it is expected that CN will show a twin peak
structure appearing in various figures. At high la-
ser intensity Swan band formation has been at-
tributed mainly due to electron—ion and ion-ion
recombination [42].

5. Conclusions

The laser-ablated plume of carbon in presence
of a nitrogen atmosphere is investigated using
OES. C, and CN bands are found to dominate the
emitted spectrum at low laser intensities. It is ob-
served that the laser wavelength, laser energy, and
ambient gas pressure greatly influence the plasma
emission spectrum. The C, emission is found to
have a narrow spatial profile with a maximum
appearing near the target surface whereas CN
emission has a broader spatial profile. Atomic/
ionic lines of nitrogen are prominent at a pressure
larger than 1 Torr. The formation of CN molecule
is attributed to the energetic collisions between C,
and nitrogen gas molecules in the gas phase. These
studies are useful to elucidate the mechanism in-
volved in the deposition of carbon nitride films by
PLD.
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