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Optical emission diagnostics of C6o-containing laser-ablated plumes for carbon file deposition
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Optical-emission studies of laser-ablated carbon plasma used for deposition of carbon films is reported
at irradiance in the range 2.4X10'—9.0X10' W/cm using 1.064-, 0.532-, and 0.355-pm laser wave-

lengths in the presence of ambient gas. The presence of argon gas has a pronounced effect on the emis-
sion. The vibrational temperature calculated from molecular C2 Swan bands is found to peak at an inter-
mediate laser irradiance. C6O-containing carbon films are deposited on a silicon substrate at various am-

bient gas pressures and the correlation between their formation and laser-produced plasma parameters is
discussed.

I. INTRODUCTION

Pulsed-laser-induced ablation or vaporization from ma-
terial surfaces has been a subject of immense interest for
quite some time in view of its importance in the context
of our understanding the nature of laser-solid interac-
tions. ' Laser-induced vapor plasmas are becoming in-
creasingly important in the processing of advanced ma-
terials and as a medium for fundamental high-
temperature experiments. Laser-ablated plasmas have
made significant progress in their application to many
fields of basic research and materials technology such as
production of microclusters, growth of thin films, anneal-
ing, etching, and chemical modification of surface layers,
and in the fabrication of microelectronics devices.
Pulsed-laser deposition has become a leading technique
for thin-film deposition due to its various advantages
such as high deposition rates, low-temperature process-
ing, retention of stoichiometry, and great versatility of
processing variables. Despite the variety of applications
our physical understanding of the pulsed-laser ablation is
limited to a narrow range of irradiation regimes. There
are various reports in the literature on the production
and characterization of high-irradiance plasma, however,
the comparative studies of low- and high-irradiance plas-
mas are rare.

Laser-solid interaction depends strongly on laser and
interaction parameters (wavelength, irradiance, pulse
wave form, irradiated spot size, angle of incidence, etc. ),
material characteristics (composition, optical, and
thermal properties, etc.), and environmental conditions
(pressure, flow field, acceleration, etc.). It is possible to
get atoms in highly excited states or molecular clusters
from the laser-ablated plume depending on laser power
and pulse duration. Low-irradiance (-10 —10 W/cm )
laser-created plasma is mostly used for pulsed-laser depo-
sition of diamondlike carbon films, ' high-T, supercon-
ductors, " polymeric thin films, ' and production of clus-
ters, ' ' etc. Its use at high irradiance includes mainly
the generation of high-density atomic beam source,
source of x rays and VUV continuum, sample composi-
tion analysis, and understanding the hydrodynamics of

plasma. '

The emission characteristics of laser-produced plasma
are inAuenced to a large extent by the surrounding atmo-
sphere. ' There are reports in the literature on the
theoretical and experimental aspects of the interaction of
the laser-produced plasma with ambient gases.
Laser-ablated plasmas in an ambient atmosphere have
been used for depositing high-quality thin films. High-
quality crystalline and stoichiometric TiN films have
been obtained by the interaction of Ti laser-produced
plasma in presence of nitrogen gas. Presence of C60, C70,
and C84 fullerenes in laser-ablated carbon have also been
reported. The laser-produced plasmas in an ambient
gas are also being studied as a gain medium for x-ray
lasers.

Laser-induced plasmas from a solid target have been
extensively used to study and characterize the clusters of
neutral and ionic species. Since the report of Kroto
et al. on the presence of C6o in the mass spectrum of
laser-ablated graphite, there has been much interest in
laser-ablated graphite. C6o clusters are observed to be
dominant in laser-evaporation sources when formed in
the presence of ambient gases; however, the correlation of
carbon clusters with plasma dynamics is not well under-
stood. Creasy and Brenna have observed fullerene ions
from laser ablation of diamondlike carbon (DLC) films
demonstrating that C6o ions can be formed in a variety of
systems. The deposited films are usually characterized
using mass spectroscopy, x-ray diffraction, uv-visible, Ra-
man spectroscopy, scanning electron microscopy, TEM,
etc.

In pulsed-laser deposition, the plasma source plays a
key role in controlling the growth, structure, and proper-
ties of the deposited films. Optimum DLC films are ob-
tained only above a critical threshold irradiance —10
W/cm where molecular C2 emission is most dominant.
To understand the formation of DLC films, it is necessary
to understand the formation and dominance of C2 species
at such low irradiance and its dependence on various pa-
rameters such as laser wavelength and pressure of back-
ground gas, etc. The presence of ambient gas during
deposition effectively enhances the possibility for cluster-
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ing and growth reaction. In diamondlike carbon films,
the variation in diamondlike character is due to different
temperature of various species in the laser plasmas. An
estimate of temperature of dominating species of the film
helps to optimize the film properties. It has been found
that pulsed-laser deposition of high-T, superconductors
using a short-wavelength laser yield superior quality
films. ' We have reported the wavelength dependence of
photoablation of carbon at low irradiance in the presence
of helium gas. In general, the properties of the carbon
films prepared by pulsed-laser ablation vary from soft and
graphitic to hard and diamondlike, depending on the en-
ergetic particles present in the plasma plume and on the
deposition parameters such as laser-power density, laser
wavelength, background conditions, and substrate tem-
perature. In the present paper, we report a comprehen-
sive study of the emission characteristics of the laser-
produced plasma used for carbon-film deposition in pres-
ence of ambient atmosphere at both low and high irradi-
ances. The characterization of emission plume along
with the deposited films can yield important information
on the pulsed-laser-deposition process and to a better un-
derstanding of the deposited films.

II. EXPERIMENTAL DETAILS

The experimental setup used in the present study is
similar to the one described elsewhere. A Nd: YAG (yt-
trium aluminum garnet) laser (DCR-4G) and its harmon-
ics delivering up to 1 J of energy in 8 ns (full width at half
maximum) at its fundamental with a repetition rate of 10
pps was used to produce carbon plasma. The laser beam
was focused onto the graphite target using a spherical
lens of 50 cm focal length and the target rod was continu-
ously rotated and translated with an external motor so
that each laser pulse encountered a fresh graphite surface
every time. The laser energy was monitored by using a
laser power meter (Ophir Model 30A) by placing the
power meter in the path of the main beam. Laser energy
was varied by changing the voltage on the laser oscillator
and amplifier. The target was mounted in a vacuum
chamber which could be evacuated well below 10 Torr
and then filled the argon gas at desired pressure in the
range 10 —100 Torr. Plasma radiation was imaged onto
the entrance slit of the monochromator (HRS-2, Jobin
Yvon) with a lens of 15 cm focal length so as to have
one-to-one correspondence with the plasma and its image
onto the slit of the monochromator. The output from the
monochromator was detected with a photomultiplier
tube (1P28, Hamamatsu) and recorded on a strip chart
recorder. A microprocessor controlled scan system was
used for controlling the scan speed of the monochroma-
tor. For thin-film deposition, the laser beam was line fo-
cused onto the graphite target enclosed in vacuum
chamber using cylindrical lens of focal length 25 cm. The
ablated carbon was deposited on silicon substrate placed
at about 1 cm away and parallel to the target surface in
vacuum and at various ambient gas pressures.

III. RESULTS AND DISCUSSION

The emission spectra of laser-ablated carbon was
recorded at both low and high irradiances in the presence
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FIG. 1. Dependence of peak intensity of C I (247.8 nm) and
C III (229.6 nm) transitions on argon gas pressure for 1.06-pm
wavelength at 9 X 10' W/cm laser irradiance.

of argon gas pressures from 10 to 100 Torr at various
distances from the target. The emission spectra was tak-
en by moving the monochromator in the horizontal plane
in a direction perpendicular to the plume direction. The
emission lines were identified from the available litera-
ture. The plasma emission from the target at higher
laser irradiances was found to be dominated by various
atomic/ionic species from C IV to C I. The electron tem-
perature of carbon plasma, in vacuum, estimated from
the relative intensities of the spectral lines assuming plas-
ma to be in thermal equilibrium lies between 2 —10 eV.
The electron density estimated by measuring the Stark
width was found to be in the range 10' —10' cm
To see the effect of argon gas on the high-irradiance
laser-generated plume, we recorded the emission spectra
at various distances away from and parallel to the target
surface with 532 nm laser wavelength at 9X10' W/cm
laser irradiance. The relative intensity of the plume was
found to be sensitive to a range of experimental parame-
ters, particularly laser fluence, the distance from the tar-
get surface, and argon gas pressure. The addition of ar-
gon during ablation has a strong inhuence on the plume
properties such as change of color and reduction of
plume length. The emission at 247.8 nm (C I) and 229.6
nm (C III), corresponding to the transitions (2p '8-
3s 'p ) and (2p 'p -2p 'D), respectively, are chosen to
study the effect of background gas. Figure 1 shows the
normalized emission intensity for the above transitions as
a function of argon gas pressures at distances 2 and 8 mm
from the target surface. The apparent size of the plume
as seen visually was about 15 mm in vacuum and reduced
to about 3 mm at 100 Torr of argon gas pressure using
532 nm laser wavelength at 9X10' W/cm laser irradi-
ance. It is observed that the intensity of the lines attains
a maximum value at some pressure and then decreases
with further increase in argon gas pressure. The line
emission enhancement can be attributed to various in-
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teraction processes like collisional excitation, charge
transfer, and recombination processes, etc. Our results
can be qualitatively explained on the basis of recombina-
tion which occur either due to radiative or the three-body
recombination (TBR) process. The functional depen-
dence of recombination rate for radiative and TBR can,
respectively, be expressed as n, n, Z T, and2

n, n, Z T, ~ 1n)/Z +1 where Z, n„and T, represent
the ion charge, electron density, and electron tempera-
ture, respectively. It can be seen that the radiative pro-
cess is important only close to the target whereas TBR is
a dominant process beyond a few mm from the target
surface. The background gas basically provides a heat
sink so that the recombination can continue for a longer
period. The observed decrease in intensity of emitted
lines at higher pressures is due to a very high cooling
rate. Also, the excitation of molecules of background gas
results in reducing the electron energy, increasing col-
lisional cooling, which in turn increases the TBR rate.
This results in populating the excited neutral and ionic
carbon species in the presence of background gas.

Figure 2 shows the variation of the line intensity of the
C I transition at 247.8 nm and the C III transition at
229.6 nm with distance from the target surface at various
argon pressures. The intensity of both the transitions is
found to increase as the pressure of argon increases from
10 to 1 Torr but decrease on increase in pressure
beyond 1 Torr. In vacuum, the plasma expands freely, '

however, it is confined to a small region in the presence
of background gas which results in reduced expansion
rate and hence enhanced cooling rate. Similar results
have been reported for excimer-laser ' and nitrogen-
laser ablated plasmas.

At low irradiance (-10 W/cm ), the spectrum is dom-
inated by C2 emission in the Av = —2, —1,0, + 1, +2 se-
quence of the Swan (d mg-a ri.„) bands and b, v =0 and
+ 1 sequence of the Deslandres-d'Azambuja (C'm -A 'mrs)

bands. No cometary bands at 405 nm were seen with or
without argon gas in our experiment, though, few C I and
C II lines were present in addition to molecular C2 bands.
All the C2 Swan band heads have been recorded which in-
clude EU = —2, —1,0, + 1, +2 where hv =v' —U" is the
difference of the vibrational quantum number between
the upper (v') and lower (v") states of transition. The Cz
d-a Av =0 Swan band sequence in vacuum consisted of
Swan band heads (0-0) at 516.5 nm, (1-1) at 512.9 nm, and
(2-2) at 509.7 nm only, while for b, v = 1, the bands (1-0) at
473.7 nm, (2-1) at 471.5 nm, (3-2) at 469.7 nm, (4-3) at
468.4 nm, and (5-4) at 467.8 nm are found to be prom-
inent. We also observed the hv= —2 Swan band se-
quence with the Swan band heads of (0-2) at 619.1 nm,
(1-3) at 612.2 nm, (2-4) at 605.9 nm, (3-5) at 600.4 nm,
and (4-6) at 595.9 nm. The emission spectra obtained are
in close agreement with those observed during laser abla-
tion of graphite using KrF (248 nm) excimer laser by
Chen, Mazumdar, and Purohit. The only difference is
that we observed a few ionic lines at an irradiance level
well below their threshold value. The appearance of the
C2 bands at such low irradiance suggest that they are
probably formed from atomic carbon recombination or
due to electron impact excitation of ground-state C2 mol-
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FIG. 2. Variation of intensity with distance from the target
surface at various argon gas pressures for the transitions (a) C I
(247.8 nm), (b) C III (229.6 nm) for 1.06-pm wavelength at
9X 10' W/cm laser irradiance.

ecules emitted directly from the target or formed from
the fragmentation of higher clusters in the plasma.

Figures 3 and 4 show the emission spectra of Cz
hv= —1 Swan band sequence for 1.06-pm laser wave-
length at 10 and 10 ' Torr of argon gas at 22, 33, 44,
and 66 mJ of laser energies, respectively. The laser irra-
diance was obtained from the measured spot area
1.13X10 cm and pulse duration 8 ns. The spectra
were recorded at a distance of 3 mm away and parallel to
the target surface. It is observed that the intensity of
band heads first increases with energy, attains a max-
imum value, and then decreases. Film deposition at this
optimum energy may optimize the diamondlike film
properties. Similar variation in C2 emission intensity
with laser energy was observed using 0.532- and 0.355-
pm laser wavelengths. Figure 5 shows the intensity of C2
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Swan band heads of (u' —u"), i.e., (0-1) at 563.5 nm and
(1-2) at 558.5 nm for 0.532- and 0.355-pm laser wave-
lengths at 10 ' Torr of argon gas, recorded at a distance
of 3 mm away and parallel to the target surface. For all
the wavelengths, the intensity peaks at some intermediate
energy. Also the peak intensity maximum shifts towards
low energies with decrease in wavelength which may be
due to the photofragmentation of higher clusters in plas-
ma. The mass-ablation rate has also been reported to in-
crease at shorter wavelengths.

To see the effect of ambient gas on molecular C2 emis-
sion, emission spectra of C2 Swan bands was recorded at
various argon gas pressures at different laser energies.
Figure 6 shows the Cz Swan band spectra at 10 ', 1, and

10 Torr of argon gas pressures at 33 mJ of 1.06-pm laser
wavelength, recorded at a distance of 3 mm from the tar-
get surface. The intensity of bands increased as the pres-
sure of the argon gas increased from 10 to 100 Torr.
Thus the incorporation of the ambient gas helps to cool
the molecular species and increase the recombination
rate. Figure 7 shows the variation in intensity of Swan
band head, i.e., (0-1) at 563.5 nm for 1.06-, 0.532-, and
0.355-pm laser wavelengths in pressure range of
10 —100 Torr of argon gas, recorded at 3 mm from the
target surface. The intensity increases with pressure for
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FIG. 3. C& d-a Swan band sequence AU = —1 at 10 Torr of
argon gas pressure at (a) 22, (b) 33, (c) 44, and (d) 66 mJ of laser
energy for 532-nm laser wavelength, recorded at a distance of 3
mm from the target surface.
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FIG. 4. C2 d-a Swan band sequence EU = —1 at pressure of
10 ' Torr of argon gas at (a) 22, (b) 33, (c) 44, and (d) 66 mJ of
laser energy. The intensity in (c) and (d) is twice that of (a) and
(b). The spectra is recorded at a distance of 3 mm away and
parallel to the target surface.
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FIG. 5. Intensity of C2 Swan band heads (0-1) at 563.5 nm
and (1-2) at 558.5 nm at various laser energies of 0.532- and
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FIG. 7. Variation in intensity of Swan band heat (0-1) at
563.5 nm as a function of argon gas pressure for 1.06-, 0.532-,
and 0.355-pm laser wavelengths, recorded at a distance of 3 rnm

from the target surface.
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all the laser wavelengths. The observed intensity of the
band is largest at 0.355 pm at all pressures. This prob-
ably is due to a change in optical penetration depth
which decreases with wavelength. The decreased volume
of the material with which the laser can interact results in
a more effective coupling to the target. We have also es-
timated the vibrational temperature of Cz bands at vari-
ous argon gas pressures using different laser energies.

Band head intensities of C2 Swan bands have been used
for estimating the vibrational temperature. The relative
population in each vibrational level can be found using
theoretical Franck-Condon factors which in our case are
from Spindler. ' The relative population of the upper
level as derived from the measured intensities was plotted
against the vibrational quantum number, the slope of the
curve gives the vibrational temperature. Figure 8 shows
the relative population of the upper vibrational level
against vibrational quantum number at 10 ' Torr of ar-
gon gas pressure at various laser energies of 0.532-pm
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FIG. 6. C2 d-a, hv = —1 Swan band sequence at argon gas
pressures of (a) 10 ', (b) 1, and (c) 10 Torr for 1.06-pm laser
wavelength, recorded at a distance of 3 mm from the target sur-
face.

FIG. 8. Relative population of the upper vibrational level of
C2 Swan band sequence Av = —1 against vibrational quantum
number for 10 ' Torr argon gas pressure at various laser ener-
gies of 0.532 pm.
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Figure 9 shows the variation of vibrational tempera-
ture at 10 ' Torr of argon gas pressure with laser energy
for 0.532- and 0.355-pm laser wavelengths. The vibra-
tional temperature is maximum at an optimum laser en-
ergy. The results are consistent with an earlier report on
vibrational temperature by Chen, Mazumdar, and
Purohit. It has been observed by various investigators
that the degree of diamondlike character in diamondlike
carbon films varies due to different temperatures in the
laser plasma, the deposition of thin films at this optimum
energy may help in optimizing the film quality. It is also
evident from Fig. 9 that a higher vibrational temperature
is obtained by short-wavelength laser irradiation which
may be due to small absorption depth of the uv photon
and to higher absorption by the ablated fragments. UV
laser-deposited carbon films are reported to be superior to
those prepared by long-wavelength lasers with regard to
their mechanical hardness and optical properties.

To see the effect of ambient environments the measure-
ments were also carried out in the presence of helium gas.
Figure 10 shows the variation of the relative intensities of
C2 d-a b.v = —1 Swan band heads at 563.5 nm (0-1) and
558.5 nm (1-2) using 0.355-pm laser at 40 mJ of laser en-
ergy at various helium and argon gas pressures. The
spectra was recorded at a distance of 3 mm away and
parallel to the target surface. The intensities of the band
heads are found to increase with pressure of the ambient
gases; however, the enhancement is more pronounced in
presence of argon gas. The vibrational temperatures cal-
culated from Cz Swan band heads are also found to be
larger in the case of argon than that in helium. This
difference could be due to the confinement effect. The
atomic mass of argon is larger than that of helium.
Therefore, a greater restriction force will be exerted by
argon on the plume expansion than in helium, and hence
more intense emission in the presence of argon than heli-
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um. Figure 11 shows the variation of C2 Swan band
heads intensity as a function of 0.355-pm laser energy at
10 ' Torr of helium and argon gas pressure, recorded at
a distance of 3 mm from the target surface. It can fur-
ther be seen that the intensity, in presence of argon gas, is
more than that in helium at all laser energies and in-
creases with increase of laser energy.

Carbon films deposited on silicon and glass substrates
in the presence of helium and argon gas using 0.532- and
0.355-pm wavelengths were characterized by x-ray
diffraction and scanning electron microscopy. The
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FIG. 11. Dependence of C2 Swan band heads intensity at
563.5 nm (0-1) and 558.5 nm (1-2) with laser energy at 10 ' Torr
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structural properties of the deposited films were investi-
gated in order to determine the crystalline orientation.
The x-ray diffraction pattern of the carbon films deposit-
ed on silicon substrate gave peaks at 10.3, 11, 17.9, and
21' showing the presence of (100), (002), (110), and (112)
crystalline planes of C60. The observed peaks showed a
strong dependence on pressure. The intensity of the
peaks was found to be maximum at 100 Torr of helium
gas pressure. The variation in the surface structure of the
films with ambient gas pressures was studied by scanning
electron microscopy. We observed a marked difference in
the composition and morphology of the films with the
pressure of the ambient gas. It is found that the density
of the microcrystalline clusters increases with ambient
gas pressures and attains a maximum at an intermediate
pressure. It is attributed to cooling of plume particles in
the presence of background gas. The variation in mor-
phology may be due to the variation of temperature in
laser-ablated carbon plasma at various ambient gas pres-
sures.

irradiance, laser wavelength, and pressure of background
gas. The plasma emission is dominated by molecular C2
at low irradiance while various atomic/ionic species dom-
inate the emission at higher irradiances. It is found that
the plume emission can be enhanced significantly in the
presence of argon gas. The molecular C2 emission ob-
served could be due to either plasma excitation at low ir-
radiances or recombination processes at high irradiances.
The intensity of C2 Swan band heads increases with de-
crease in laser wavelength. The vibrational temperature
calculated from C2 Swan bands is maximum at intermedi-
ate laser energy. The deposited films showed a strong
dependence on ambient gas pressures. The density of mi-
crocrystalline clusters increases with ambient gas pres-
sure and shows a maximum at an intermediate pressure.
These studies are helpful for correlation of plume carbon
cluster formation with plasma dynamics and film quality.
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