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Role of ambient gas on laser-ablated plumes for thin carbon film deposition
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We report the role of ambient gas on the laser-ablated carbon plume used for carbon-film deposition. An
attempt is made to correlate the characteristics of deposited film with the optical emission of various species in
the laser-ablated carbon plume. We have deposited thin carbon films on silicon substrate using 0.532 and
0.355-mm laser wavelengths at low fluence in the presence of helium and argon gases. The deposited films
were characterized by scanning electron microscopy, transmission electron microscopy, selected area electron
diffraction, x-ray diffraction, and Raman spectroscopy. The structure and the surface morphology of the
deposited films were found to be strongly dependent on the choice and pressure of the ambient gas. The
presence of carbon clusters~fullerenes! in laser-ablated carbon ‘‘soot’’ in a helium atmosphere was confirmed
by UV-visible and infrared spectroscopy.@S0163-1829~97!03004-X#
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I. INTRODUCTION

Laser-ablation deposition~LAD !, also known as pulsed
laser deposition~PLD! has found an increasing interest
recent years in depositing a variety of materials includ
metals, semiconductors, insulators, and superconduct1

The flux of the material to be deposited in PLD is genera
by irradiating an appropriate target with a high-intens
beam of pulsed-laser light, and a film is grown by collecti
this flux onto a suitably placed substrate. The deposited
can be modified by changing the ambient conditions, e
background gas and/or plasma. Despite its growing imp
tance, the microscopic details of the processes respon
for some of the characteristic features of PLD are not w
understood. The evaporation of the deposited mate
plasma formation, and the interaction of vapor/plasma s
cies with the background gas are believed to be relevan
determining the film structure and morphology. The prese
of an ambient gas can affect both the nature and energ
the species impinging on the film growth surface, which
turn controls the characteristics of the deposited films. T
characteristics of the laser-deposited films depend on, am
the other experimental parameters, the laser fluence, w
length, and background gas pressure.2–5

It is well known that the laser-ablation produces seve
species in the plume such as neutral atoms, molecular c
ters, or highly excited atoms and ions, depending on the l
fluence.6 The presence of ambient gas greatly influences
plasma plume.7 Therefore, the study of the ablated plum
with background gas is interesting not only to obtain a be
understanding of the mechanism involved, but also to con
and optimize the PLD process.

In the PLD process, the laser wavelength used for abla
also plays a dominant role in defining the characteristics
morphology of the deposited films. Surface morphology
the most important factor determining the possibility of th
films for device applications. The choice of a right wav
length and fluence helps to minimize the formation of p
ticulate on the film surface. It has been claimed that
pulsed-laser deposition of high-Tc superconductors usin
shorter wavelengths yields superior quality films.8 The car-
550163-1829/97/55~4!/2600~6!/$10.00
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bon films grown using various wavelength laser radiatio
exhibit increasing diamond character with decreas
wavelength.5

The intense laser-beam-created plasmas have elec
and ions in addition to copious amount of neutrals. Howev
at moderate and low intensities the clusters are also form
in addition to electrons, ions, and neutrals. The neutral s
cies play a vital role in the film growth in general. The num
ber density of these species depend on irradiation conditi
collision kinetics in the plume, and the distance from t
target surface. Earlier, we reported the formation
fullerenes C60, C70, and C84 in the laser-ablated carbon9

The study of carbon clusters~fullerenes! has attracted atten
tion since Kroto et al.10 discovered them in 1985, an
Kratschmeret al.11 succeeded in synthesizing them in 199
The discovery of conductivity in alkali-metal-doped C60
~and C70) and superconductivity in C60 doped with K
(Tc518 K!, Rb (Tc528 K!, and their alloys has added fur
ther excitement in C60 thin films.12 The fabrication of C60
thin films attracts attention not only because of their ba
properties but also for their possible application to electro
devices such as solar cells.13 However, the dynamics of for-
mation of carbon clusters, in particular C60 and C70, is still
not well understood. Weiskeet al.14 reported the fragmenta
tion of C60

1 and C70
1 to Cn (n52, 4, 6, and 8! on collision

with H2, D2, and Ar. Recently Gruenet al.15 reported ob-
taining C2* and C2 species by fragmentation of C60 in a
microwave discharge in a 1-Torr argon atmosphere. We
ported the optical emission diagnostics of carbon plas
plumes used for film deposition at various laser waveleng
laser irradiances, and ambient gas pressures.2,3,16–18 The
emission spectra showed atomic/ionic species at high l
irradiances of all laser wavelengths. However, the molecu
C2 emission dominated the spectrum at low irradianc
(;1082109 W/cm2), where the formation of diamondlike
carbon has been reported.19,20 At this irradiance, deposition
of high-Tc superconductors,8 cluster production,21 etc. has
also been reported. It has been shown that the doping
N2 during the deposition of carbon films degrades the d
mondlike properties but improves the interface adhesion
intrinsic stress in the film.19
2600 © 1997 The American Physical Society
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55 2601ROLE OF AMBIENT GAS ON LASER ABLATED PLUMES . . .
In general, the properties of the carbon films prepared
the laser-ablation depositon technique range from soft a
graphitic to hard and diamondlike, depending on laser pow
and wavelength as well as background gas conditions. H
we present results for the characterization of pulsed-las
deposited thin carbon films from carbon plumes using 0.5
and 0.355-mm laser fluences in helium and argon atm
spheres. To the author’s knowledge, this is the first report
the correlation of characteristics of the deposited film w
properties of the laser-ablated plume.

II. EXPERIMENTAL DETAILS

The experimental setup used for the deposition of the c
bon films is shown in Fig. 1. A Nd:YAG~yttrium aluminum
garnet! ~DCR-4G! laser and its harmonics, delivering up to
J in 8 ns at its fundamental at 10 pps, were used for
present study. The laser beam was line focused onto
graphite target enclosed in a vacuum chamber, using a cy
drical lens of focal length 25 cm. A graphite target rod w
continuously rotated and translated so that the laser alw
encounters a fresh surface. The chamber was evacuated
pressure better than 1023 Torr, and then backfilled with the
required gas. The experiment was carried out for differe
pressures in the range 10222100 Torr of helium and argon
gas. The ablated carbon was deposited on silicon and g
substrates placed 1 cm from and parallel to the target surf
The deposition time~20 min! was kept constant for deposit
ing films at various wavelengths and ambient pressures.
deposited films at different ambient gas pressures were c
acterized by scanning electron microscopy~SEM!, transmis-
sion electron microscopy~TEM!, selected area electron dif
fraction ~SAED!, x-ray diffraction~XRD!, and micro-Raman
spectroscopy. ‘‘Soot,’’ the ablated carbon powder, collect
from the chamber at different gas pressures, was dissolve
benzene/n-hexane solution, and the soluble material chara

FIG. 1. Experimental setup used for deposition of carbon film
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terized by UV-visible and IR spectroscopy.9 Under similar
conditions of deposition of the carbon films, the plasma
diation was imaged onto the monochromator, and was
tected with a photomultiplier tube and recorded on a s
chart recorder or displayed on the oscilloscope to obse
C2 emission.

2,3

III. RESULTS AND DISCUSSION

The structural properties of the deposited carbon fil
were investigated by x-ray diffraction using a standa
u/2u diffractometer~CuKa radiation! in order to determine
crystalline orientation. Figure 2 shows the typical XRD pa
tern of the carbon film deposited on silicon substrates
100-Torr helium pressure using 4.68-J/cm2 fluence of 0.532-
mm laser radiation. Peaks at 10.3°, 11°, 17.9°, and 21° sh
the presence of~100!, ~002!, ~110!, and ~112! crystalline
planes of C60. X-ray diffraction was done for the carbo
films at various helium pressures ranging from 1022 to 100
Torr, and it was found that these peaks were prominent o
at 100 Torr. At lower helium pressures~less than 100 Torr!
the films were amorphous. An increase in helium pressure
to 100 Torr improved the quality of the film crystallizatio
and phase orientation.

Figure 3 shows the SEM images of the carbon films
posited on silicon substrates at various helium gas press
using a 4.68-J/cm2 fluence of 0.532-mm laser radiation. The
figure shows the effect of helium gas pressures on the m
phology of the films. The surface morphology of the film
changed dramatically with increasing helium gas pressu
with densely packed spherical features dominating the fi
The nucleation density of the carbon clusters increased w
an increase in helium gas pressure up to 100 Torr. Howe
beyond 100 Torr, the carbon film started peeling off, a
showed a ‘‘cauliflower’’ morphology with no systematic pa
tern. This variation in the morphology of the films is attrib
uted to the temperature variations of various species in
laser-ablated carbon plume at various helium pressures.
comparison of individual microcrystals obtained at 100-T
helium pressure and in vacuum, respectively, showed tha
vacuum the assemblage of hexagonal crystals was domin

.

FIG. 2. X-ray-diffraction pattern of the carbon film deposited
100-Torr helium gas pressure using a 4.68-J/cm2 fluence of a
0.532-mm laser wavelength. Peaks at 10.3°, 11°, 17.9°, and
show the presence of~100!, ~002!, ~110!, and ~112! crystalline
planes of C60.
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FIG. 3. SEM images of laser-ablated carbo
films at helium gas pressures of~a! 1022, ~b! 1,
~c! 10, and~d! 100 Torr.
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whereas in the presence of helium gas, particularly at
Torr, spherical aggregates of carbon were dominant.22

To confirm the formation of C60 clusters, the carbon soo
was collected from the deposition chamber at various hel
gas pressures at 4.68 J/cm2 fluence of 0.532-mm laser radia-
tion. Figure 4 shows the optical-absorption spectrum
corded at room temperature fromn-hexane solvable carbo
soot in the range 200–450 nm. The spectra showed p
around 211, 231, 273, and 299 nm, and a broad band at
nm. These peaks are characteristic of C60 and C70 clusters.

23

The peak at 231 nm appears as a shoulder to 211 nm.
benzene dissolvable fullerenes were further characterized
ing vibrational spectroscopy. Since the Raman spectral s
ies showed very few crystalline domains, we resorted to
method of extracting fullerenes by dissolving the ‘‘soot’’
benzene and depositing the aliquots of the benzene ex
onto KBr pellets for IR spectroscopy. We did not make a
attempt to separate out the clusters as the yield of the
zene soluble clusters was very low, thus an overlapping
many bands in the IR spectra is expected. Figure 5 shows
IR spectra recorded for the soot collected at different heli
gas pressures using 0.532-mm laser irradiation. The spectr
showed that the modes became more prominent as the
lium gas pressure was increased from 1022 to 100 Torr. The
modes were observed at 1462, 1126, 739, 701, 670,
575, and 525 cm21, which could be due to C60 and C70.
The observed bands were identified by comparison with

FIG. 4. Optical-absorption spectrum in the range 200–450 n
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lier work.11 In addition, a strong mode at 1720 cm21 was
observed in the IR spectrum, showing the presence of hig
fullerenes greater than C70.

There are several reports explaining the growth mec
nism of fullerenes.24 Wakabayashi and Achiba25 proposed a
simple model to explain the formation mechanism of t
stable fullerenes. Accordingly, for theI h symmetry and
closed caging of C60molecule, C2 is the dominant fragment
Our result of increasing nucleation density up to 100 T
could well be correlated with increase in yield of C2 species
in our experiment. It is found that at higher laser fluence
plasma emission is dominated by atomic/ionic species fr

.

FIG. 5. Infrared spectra of carbon clusters extracted from b
zene solvable soot collected at~a! 1022, ~b! 1, and ~c! 100-torr
helium pressure.
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55 2603ROLE OF AMBIENT GAS ON LASER ABLATED PLUMES . . .
C V to C I and at low fluence molecular C2 emission is
dominant. Moreover, in the presence of ambient gas a
nificant enhancement for ionic, atomic, and molecular s
cies of carbon was observed. Characterization of the de
ited films along with the soot showed that the yield
fullerenes formation initially increased with pressure, a
then decreased after attaining a maximum as the pressu
increased beyond 100 Torr. The vibrational temperature
culated for C2 species using band head intensities of2
Swan bands in the presence of helium gas decreased
increasing helium gas pressure. This indicates that the p
ence of helium gas helps in the cooling and clustering
species, and in turn increases the dominance of higher ca
clusters~fullerenes! with increasing helium gas pressures.

The films deposited in the presence of various argon
pressures at 1.90-J/cm2 laser fluence of 0.355mm showed
altogether different behavior than those obtained in prese
of helium. The surface morphology of the deposited films
the presence of argon gas showed the presence of va
spherical-shaped protrusions of different diameters on
substrate surface. The nucleation density of the clusters
the substrate surface was found to be at a maximum at 1
of argon gas pressure, while it decreased on either side
a change of argon gas pressures. The thickness of the
using SEM was found to be approximately 30mm at 1-Torr
argon gas pressure.

Figure 6 shows the micro-Raman spectra of the depos
films at various argon gas pressures. We observed the p
ence of two well-defined characteristic peaks in the spect
at 1350 (D line! and 1580 cm21 (G line!. These peaks were
attributed to disordered and graphitic carbon, respectivel26

FIG. 6. Micro-Raman spectra for carbon films at various arg
gas pressures using a 1.90-J/cm2 laser fluence of a 0.355-mm laser
wavelength.
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However, the Raman spectra characteristic of diamo
~sharp peak at 1332 cm21) were not obtained. It has bee
shown by several investigators that the large width o
1350-cm21 band can obscure the 1332-cm21 band.27,28 As
the sensitivity factors of diamond and nondiamond carb
relate as'1/60,26 therefore the nanocrystalline diamond n
clei present in the deposited film may be obscured by
broad nondiamond 1350-cm21 peak due to this large sens
tivity difference.

Two important features observed are~1! the decrease o
theD-line-to-G-line intensity ratioI (D)/I (G) as the argon
pressure was increased up to 1 Torr, but its increase w
further increase in argon gas pressure; and~2! the downward
shift of theG line for the films deposited at 1-Torr argon ga
pressure. Figure 7 shows theI (D)/I (G) intensity ratio as a
function of argon gas pressure. The ratio is found to be m
mum at 1 Torr of argon gas pressure. It has been shown
the ratio I (D)/I (G) varies inversely with the size of th
graphite crystallites.29 I (D)/I (G) being at a minimum at 1
Torr indicates the presence of larger crystallites formed a
Torr compared to that formed at other pressures, agre
well with SEM results.2 The broadG line shifted to 1550
cm21 for the film deposited at 1 Torr, a characteristic featu
of diamondlike carbon. The width of the Raman lines we
also seen to be lowest for the film deposited at 1 Torr
argon gas pressure. Thus the deposited film has the d
nance of diamondlike carbon~DLC! character at 1 Torr of
argon gas.

Figure 8 shows the XRD pattern of the film deposited a
Torr of argon gas pressure using a 1.90-J/cm2 laser fluence
of 0.355-mm laser wavelength. The peaks at 43.5°, 76
91.5°, and 120° indicate the presence of~111!, ~220!, ~311!,
and~400! crystalline planes of cubic diamond. It further co
firms the formation of diamondlike carbon at 1-Torr arg
pressure.

The TEM micrograph and the corresponding SAED p
tern of the film deposited at 1-Torr argon using a 1.90
cm2 laser fluence of a 0.355-mm laser wavelength is show
in Fig. 9. The diffuse intensity of the rings suggests the q

n

FIG. 7. Intensity ratioI (D)/I (G) vs argon gas pressure for ca
bon films. The dotted line is only a guide to the eye.
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2604 55R. K. THAREJA, R. K. DWIVEDI, AND ABHILASHA
sicrystalline nature of the film. The ring patterns repres
typically polycrystalline face-centered-cubic material. A
though diffraction rings are not clearly visible in Fig. 9~b!
due to contrast limitations in the image, three rings
clearly visible in the negative. Thed spacing of the rings
were determined using the original negative, and compa
well with the ~111! and ~220! planes of cubic diamond.30

Therefore, we conclude that diamond is present in the fi
deposited at 1 Torr of argon.

To explain the above results, an extensive study of
optical emission from laser-ablated carbon plumes was
dertaken. At a higher laser fluence, the plasma emission
dominated by atomic/ionic species from C V to C I, which
recombine through atomic carbon away from the targ
Temporally and spatially resolved studies of the emitted s
cies were also performed. The electron temperature was
timated from the relative intensities of the spectral lines
different species. The electron temperature for C II specie
8 mm from the target is estimated to be;2 eV in vacuum.6

The presence of a background gas had a strong influenc
the plasma expansion process.7 In general, the interaction
between laser plasma and the ambient gas influences pa
eters such as velocities of different species in the plu
density, and temperature of the species, which in turn con
the characteristics of the deposited film. However, at the
fluence level used for thin film deposition, the optical em
sion from the plasma plume consists predominantly of m
lecular carbon. Spatially resolved studies of the plume
various ambient gas pressures ranging from 1022 to 100 Torr
showed that the intensity of molecular carbon band head
at a maximum at around 3 mm from the target surface,
decreases very quickly beyond this distance. Molecular2,
which is the critical species for DLC, varies with the choi
of and pressure of the ambient gas, in addition to the o
laser parameters. We found that the intensity of C2 Swan
bands was greater in the presence of argon gas than o
lium. It is known that the characteristics of the deposit
films are effected by the energy of the species being de
ited, which in turn is defined by the temperature of the s
cies. Thus the temperature of the dominating species
crucial parameter defining the characteristics of the film.

FIG. 8. X-ray-diffraction pattern of the carbon film deposited
1-Torr argon gas pressure using a 1.90-J/cm2 laser fluence of a
0.355-mm laser wavelength. Peaks at 43.5°, 76°, 91.5°, and 1
show the presence of~111!, ~220!, ~311!, and ~400! crystalline
planes of cubic diamond.
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order to optimize the film characteristics, the temperature
the dominant C2 species in the plume was optimized. Th
vibrational temperature for C2 species in the presence o
helium gas show that the vibrational temperature decrea
with increasing helium gas pressure. This indicates that
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°

FIG. 9. ~a! TEM micrograph and~b! SAED pattern of the film
deposited at 1-Torr argon using a 1.90-J/cm2 laser fluence of a
0.355-mm laser wavelength.

FIG. 10. Vibrational temperature as a function of argon g
pressure for a 355-nm laser wavelength.
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55 2605ROLE OF AMBIENT GAS ON LASER ABLATED PLUMES . . .
presence of helium gas helps in the cooling and clustering
species, and in turn increases the dominance of C2 and
higher carbon clusters~fullerenes! with increasing helium
gas pressures. The presence of argon gas increases the
tional temperature of the C2 species. Figure 10 shows th
variation of vibrational temperature with argon gas pressu
for a 355-nm laser wavelength. However, it can be seen fr
the figure that the vibrational temperature attains a maxim
value at 1 Torr of argon gas, then decreases with a chang
pressure on either side. It follows that the higher vibratio
temperature at 1-Torr argon gas pressure may lead to
fragmentation and ionization of larger clusters formed in t
plasma. The fragmentation and ionization may be attribu
to a large number of different processes which include c
lisional activation, charge exchange, electron collision, m
tiphoton absorption, etc. Although the exact mechanism
the fragmentation and ionization is not known, one or mo
of these processes lead to the formation of large numbe
stable molecular carbon clusters. The increase in the den
of molecular carbon clusters, in particular C2, results in the
formation of a more dense film showing DLC character a
Torr of argon gas pressure. Hence it looks from our obs
vation like the vibrational temperature calculated from m
lecular C2 emission intensity may be one of the controllin
of

bra-
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parameters defining the film characteristics.

IV. CONCLUSIONS

In conclusion, we have characterized the carbon thin film
and clusters produced using laser vaporization of graphite
the presence of helium and argon gas. Scanning electron
croscopy, transmission electron microscopy, selected a
electron diffraction, x-ray diffraction, Raman spectroscop
and IR, UV-visible spectroscopy were used to character
the films. Both selected area electron diffraction pattern a
x-ray diffraction confirmed the presence of diamond in th
carbon film deposited at 1 Torr of argon. The fragmentati
and ionization of higher clusters formed in the plasma, lea
ing to an increase in C2 stable species density, seems to b
responsible for the formation of diamondlike carbon.
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