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The ablation dynamics and cluster formation gfi@nsejected from 355 nm laser ablation of a graphite target

in vacuum are investigated using a reflectron time-of-flight (RTOF) mass spectrometer. At low laser fluence,
odd-numbered cluster ions withs3 < 15 are predominantly produced. Increasing the laser fluence shifts the
maximum size distribution towards small cluster ions, implying the fragmentation of larger clusters within the
hot plume. The temporal evolution of'Gons was measured by varying the delay time of the ion extraction
pulse with respect to the laser irradiation, providing significant information on the characteristics of the ablated
plume. Above a laser fluence of 0.2 Jiclarge cluster ionsi& 30) are produced at relatively long delay times,
indicating that atoms or small carbon clusters aggregate during plume propagation. The dependence of the
intensity of ablated € ions on delay time after laser irradiation shows that the most probable velocity of each
cluster ion decreases with cluster size.
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Introduction aspects of laser-induced plume formation and expansion, are
not fully understood. This is particularly the case for carbon

The laser ablation of graphite has attracted attention becaustisters formed at UV wavelengths. Study of the spatial and
of its utility in the fabrication of thin films of newly discovered velocity distribution of the ablated species during the initial
materials such as fullerenesjngle-walled nanotubésand  stage of ejection and expansion enhances our knowledge of
diamond-like carbon (DLC) Carbon clusters are particularly ablation dynamics.
interesting because they display fascinating structural and spec-This paper presents a study of the mass distribution of
troscopic properties, are important in astrophysical processeggsitive carbon-cluster ions produced by laser ablation of
and play a significant role in combustion and soot formationgraphite at 355 nm. The laser-induced plume from a graphite
Carbon clusters have been found to grow through the agarget under high vacuum conditions is characterized by
gregation of the species vaporized from graptfitan al- measuring TOF mass spectra with varying laser fluence. The
ternative pathway of carbon cluster formation was suggestedependence of the observegl €ignals on the laser fluence
by Bloomfield et al® and Coxet al,® who proposed that is discussed on the basis of the energetics of cluster formation
carbon clusters form via fragmentation of initially formed and fragmentation. The time-dependent flow dynamics of
larger clusters and laser-desorbed carbon dust. This propogdlime expansion are also investigated by time-delayed ex-
is supported by recent studies by Achibal’®on the mass traction of ions ablated off-axis to the flight direction of the
distribution of neutral carbon clusters generated by lasemass spectrometer. The results provide direct evidence that
vaporization of graphite in He, which found that carbonsmall clusters aggregate during plume expansion to form
clusters formed through the fragmentation of large hot clustersigher cluster ions.
into smaller clusters. In spite of the extensive investigation
into carbon clusters over the past decade, many aspects of Experimental Section
these systems are still to be unraveled, not only in the
understanding of the chemical and physical properties of A schematic diagram of the experimental setup is shown
carbon clusters but also in clarifying the mechanism ofin Figure 1. Laser ablation of a graphite target was carried
cluster formation. out in a vacuum chamber (base pressurex4@’ Torr)

The temporal velocity profile of ejected materials is ancombined with a reflectron TOF mass spectrometer. A target
important characteristic in the production of reactive speciesod (8 mm in diameter) of graphite (99.95% purity, Goodfellow
and for determining the structural quality of the depositedMetal Ltd.) was placed between the ion optics of the
film, because the kinetic energy of the species is a key corextraction region and rotated at 10 rpm to get a fresh target
trolling parametet:’° Although laser-ablated plasmas have surface after each laser shot. The target location relative to
been studied to some extent, the dynamics of the interactiche center of the ion extraction region was fixed at h = 1.0
between laser light and materials, as well as the detailedm. The third harmonic output (355 nm) ofQeswitched
Nd:YAG laser (10 ns pulse width), operated at a repetition
"Corresponding author. Fax: +82-63-841-4893; e-mail: kwjung@rate of 10 Hz, was used to strike the solid target. The
wonnms.wonkwang.ac.kr radiation was focused by a 40 cm focal length lens to a spot
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Figure 1. Schematic diagram of the experimental setup for pulsed
field/reflectron time-of-flight mass spectrometry. L, lens; PH, 0000 e e e
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size of 5x 10 cn?. The laser fluence at the target surface |
was varied over the range 0.06-0.84 Jlcm |
When the ablated plume reached the extraction region ¢ 000 e e e e
the TOFMS, the positive ions were extracted (typically 10 20 30 40 50 60 70
following a delay ofry = 0.3-2.0us after the laser shot) by a Time-of-flight (us)

*+1700 V puls_ed electric f'eld (Dlrected_ Energy, In_C" GRX- Figure 2. TOF mass spectra of laser ablatgtliéns as a function
3.0K-H), applied to the first grid. The ion extraction pulse of aser fluencet = 800 ns).

has a rise time of 40 ns and duration ofud In this
geometry, the ion flight path is at right angles to the velocity
vector of the ejected plume. This feature allows us to extechnique®®They found that odd-numbered carbon clusters
amine the temporal profile of each ion, permitting accurateepresent minima in a plot of IP over the cluster size. The
measurement of the velocity distribution and the drift velo-unusual abundance of these cluster ions may therefore be
city of the ionic species. The ions accelerated by the secordlie to their low IPs rather than to a special degree of
accelerating grid (1.4 kV) travel through a 1 m long field- stability. However, the relatively low dissociation energies
free region, which terminates at a double stage reflectron (Raf even-numbered cluster ions also causentbdd species
M. Jordan Co.) located at the end of the flight tube. Fol4o be more stable than thesven species far= 1-15%
lowing the reflectron, the ions travel an additional 0.64 m When the laser fluence is increased to 0.41 %)/¢he
back to a microchannel plate (MCP) detector. In the presemtluster distribution is shifted to lower mass, withadd G
experiments the TOF mass spectra were averaged over 20@dis predominating. Above 0.5 J/gnonly C is produced.
laser shots using a 500-MHz digital oscilloscope (LeCroyA similar tendency has also been found in a recent study on
9350A). the laser ablation of graphite at 266 Hnmn which C and
Cs" ions became the dominant species as the laser fluence
Results and Discussion was increased. This result is consistent with the view that the
concentration of small cluster ions increases with laser flu-
Figure 2 shows the TOF mass spectra of carbon clustemce because larger clusters undergo fragmentation within
ions obtained from 355 nm laser irradiation of a graphitethe hot plume. The broad temporal distribution of each
target at four different laser fluences. The delay time betweedluster peak at high fluence, as compared with the results at
the laser shot and the ion extraction pulse was sete800  low fluence, supports the conjecture that the cluster ions
ns. At the low laser fluence of 0.06 Jfcrthe spectrum have high kinetic energy due to ion-ion repulsion in the
consists mainly of £ ions with n=3-11 whose yield plume at higher ion densities. Therefore, the dependence of
decreases almost monotonically with increasing cluster sizehe intensity of ¢ ions on laser fluence observed in the
At a fluence of 0.12 J/chthe major clusters are,Cions  present experiments leads us to conclude that at low laser
with n= 3, 5, 7, 11, and 15 and the ion intensities increasfluence the ablated {Cions are formed directly from the
with increasing the fluence up to a value of approximatelygraphite surface, whereas at higher fluences the fragmentation
0.4 J/lcm. The preferential formation of odd-numbered of large clusters has a significant contribution. In our ex-
cluster ions has been previously found in the mass spectra périments we have no direct method of determining whether
carbon clusters generated by 266, 355, and 532 nm laser the fragment ions result from neutral fragmentation followed
vaporizatiort> *Eyler,et al measured the ionization potentials by ionization or from direct fragmentation of parent ions as a
(IPs) of carbon clusters on the basis of the charge-transfeesult of absorption of excess laser photons. However, the
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fact that direct ionization dominates at low fluence and frag- 1.0
mentation dominates at high fluence suggests that dissoci 05 1
tion occurs after the formation of the parent ions. ' [ <10
To shed more light on the ion formation mechanism we 0.0 — “I ——
investigated the general trends in the ion abundance dit 20 40 60 80 100
tribution of the mass spectra as a function of the lase Time-of-flight (us)

fluence,®. Figure 3 shows the log-log plots of"Gons f1 = , ) )
ure 4. TOF mass spectra of laser ablated iGns at various

1,2,3,5,and 7). The ion signal of each species was Obtam‘géeﬁay timesry between the laser shot and the ion extraction pulse:

by integration ,Of thg _corresponding TOF §pect_runma1; (a) 300 ns; (b) 500 ns; (c) 700 ns; (d) 900 ns. The laser fluence is
500 ns. The intensities of the* @nd G' ions increase (.20 J/cr

substantially with laser fluence, whereas those of t#ie C
Cs*, and G" ions exhibit maxima in the region of 0.15-0.2 J/
cn?. The falling off in the slope at higher laser fluence for plume as it expands in the vacuum. This method offers an
Cs', G, and G* provides evidence of saturation. It is also excellent means of investigating the time-dependent cluster
noted that the laser fluence corresponding to the maximurdistribution of the ionic species during the initial stage of
intensity decreases with increasing cluster size. This proplume expansion. The TOF mass spectra of laser ablgted C
pensity is in reasonable agreement with the binding (or disions were plotted as a function of the delay time, as shown in
sociation) energy of  ions, which gradually decreases Figure 4. These spectra were obtained using a laser pulse
with cluster sizé® The saturation-type behavior and subsequenenergy of 0.20 J/ctnThe signal intensity of £ ions drops
signal decrease in the ion yield data clearly indicate thasharply with delay timey. This decrease primarily originates
these ions undergo fragmentation into smaller cluster iondrom the spreading of the ablated plume over the space
By increasing the laser fluence, the internal energy of th@bove the target surface during the delay time after laser
resulting clusters increases and finally attains the dissociatioinradiation. The mass spectrumzat= 300 ns consists only
limit. When the laser fluence exceeds the dissociation limibf small cluster ions (& n< 9), whereas increasing the delay
of the primary G ions produced from the target surface, time shifts the intensity distribution toward large clusters. This
these primary ions dissociate to smaller ions. In such a casmeans that the carbon cluster cations are distributed over a
the bond breaking and/or energy release to the translation @fide range of arrival time distributions according to their
fragments should act as a major cooling process for hanasses: the small cluster ions travel at a higher velocity
particles. Collision-induced dissociation aof'Gpecies with  whereas the larger cluster ions travel at a lower velocity.
high internal energy may lead to the generation ol  This difference in velocity is presumably due to the velocity
C,". slip in the supersonic expansion, because larger clusters
To investigate the temporal evolution of the ablated plumecquire a lower velocity if they are not involved in sufficient
we measured the TOF ion signal as a function of the delagollisions, as will be described in more detail later.
time between the laser shot and the repelling electric field It is intriguing that at the longer delay time mf= 700 ns
applied to the ion optics. The delay time was stepped tbeavy cluster ions(= 30) appear for arrival times of 80-90
reveal the distribution of the ionic species over time. Dif-us. These ions are formed only when the laser fluence
ferent traces therefore refer to different slices of the ablatioenergy is greater than 0.2 Jigrwhere the fragmentation
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into small cluster gives a significant contribution. Upon laser
ablation of graphite, a low laser fluence causes mainly de
sorption and decomposition of large hot particles emittec
from the laser-irradiated surface of graphite. In such a cluste
formation process, cation formation is mostly accomplishec
by electron impact ionization by the free electrons escapini
from the expanding plasma of the laser ablation. On thi
other hand, higher fluence promotes further atomization o
the targets, resulting in preferential formation of smaller car-
bon clusters. The resulting small carbon fragments aggrega
during plume propagatidhforming a smooth mass distri-
bution, as shown in Figures 4c and 4d. Alternatively, there
exists another cooling channel for the hot particles tha ' 400 ' 500 ' 800 " 1000
might be important in the stabilization of particles emitted Delay Time (ns)
from the hot surface. The internal temperature of the ablate
large particles would be sufficient to promote spontaneou
thermal ionization. As a result, so called “thermionic emis- 137 =
sion” occurs, producing cations as well as slow electrons "
Efficient thermionic ionization may take place in large car- , - .
bon clusters, which would explain the even-numbered highE -
mass carbon clusters often observed in the mass spectra. < 1.2-
At 74 = 900 ns, two groups of clusters are clearly observec§ =
In the low massn(< 30) region of 10-8Qs, odd-numbered — ] "
clusters show an enhanced intensity, consistent with pre\
ious report$3?In the high mass regiom & 30), however, LI
only even-numbered clusters including abundant &nd
Cso” appear, as has been widely known so far. The ob 16 ’ 18 ' 20 ' 99
servation of large cluster ions at long delay times is readily log(M)
explained as follows. The laser ablation of graphite at high

fluence yields atoms or small clusters via direct evaporatiofy/9ure > (@) lon intensities of the ablated species as a function of
delay time between the laser shot and the ion extraction pulse

of graphit(.a or intense fragmentation of large carbon partiClesi‘ollowing 0.06 J/crhlaser irradiation of a graphite target. The C
The resulting small fragments aggregate to form larger clusteggqd G;* ion intensities are multiplied by 15 to facilitate com-
during plume propagation. In the case where few collisiongarison. (b) The dependence of cluster ion velocity on cluster mass

occur, the faster moving carbon species exit the targée¥l.
surface, whereas the slower moving clusters take longer to
exit the surface and are therefore more likely to aggregate vacuum cause the laser ablation from the solid surface to
and grow. We can conclude that collisions caused during thieehave like a nozzle source, creating a strongly forward-
expansion of the vapor from the target surface are responsibfieeaked particle flux with a large center-of-mass velogity
for the presence of these clusters, and that gas-phaséong the normal to the target surface. The width of the
condensation probably dominates over direct ejection. temporal distributions becomes narrow with increasing laser
In the present experiment, an increase in the delay timBuence. The results also support the conjecture that frequent
between the laser shot and ion extraction pulse correspondsulti-body collisions among the higher-density species ejected
to an increase in the flight time of the collected ions throughrom the graphite effectively induce cooling.
the axis perpendicular to the TOFMS detection axis. Fast The temporal distribution of the ion intensity shows that in
particles appear at shorter delays in these experiments. Ogeneral heavier species exhibit a local maximum at longer
of the great strengths of the pulsed-field TOFMS techniquelelay times. The observation of large cluster ions at long
is the ability to obtain the temporal profile of each ion bydelay times implies that these ions have low flow velocities.
varying the delay time, permitting accurate measurement dt is known that the velocity and acceleration of the species
the velocity distribution and drift velocity of the ionic spec- in the plume depend on the molecular weight of the species.
ies. Figure 5a shows the intensity of cluster ions ablated at%ince the plume from the graphite target is composed of a
laser fluence of 0.06 J/émas a function of delay time of the range of clusters, the expansion velocities of these species
ion extraction pulse. ThegCand G;' ion intensities are are not the same. The most probable velocitjesf Cs*,
multiplied by 15 for display purposes. The relatively low Cs*, C;*, Gy, and G:* ions, calculated from the delay time
intensity of the Cion precluded estimation of its temporal showing maximum intensity for each species and the distance
distribution. The TOF arrival data of each cluster ion show @etween the target surface and the ion extraction region, are
Maxwell-Boltzmann distribution. In fact, collisions among 20.2, 18.9, 16.7, 14.3, and 13.0 km/s. Their corresponding
the evaporated particles in the early stages of plume expansitnanslational energies {Eare 74, 111, 121, 114, and 116 eV,

(a) @ = 0.06 Jicm®

+

+

OO0 0000
N Pl

lon Intensity




Laser ablation of Graphite Bull. Korean Chem. 2802 Vol. 23, No. 2 313

respectively. The high translational energy of the ablatedelocities of the small cluster ions produced by fragmentation
ions is comparable to the values recently estimated by Ladeould be slower than the velocities of small ions produced
et al (126 eV§! and Puretzket al (94.6 eV¥ from time- by primary ablation, resulting in a deviation from the theoretical
gated CCD imaging of Gemission resulting from ArF laser prediction.
ablation of graphite in vacuum.

The high velocity of the ions ejected after laser irradiation Conclusion
could result from the hydrodynamic effect of the plume
formed above the target surface. The initial expansion over Laser ablation of a graphite target at 355 nm was investigated
the time interval of the laser pulse is isothermal. After theusing a reflectron TOF mass spectrometer. At low fluence
laser pulse terminates, the plasma expands adiabatically \ralues the mass spectra show peaks characteristic of the
the vacuum and the thermal energy of the plasma is corpdd-numbered € ions withn = 3-15. Increasing the laser
verted into kinetic energy. The plasma rapidly cools and théluence shifts the cluster distribution to the low mass region,
stream velocity begins to increase. Although this effect inindicating fragmentation of large clusters within the hot
creases the particle velocities, it is insufficient to account foplume. As the delay time between the laser shot and the ion
the high translational energies observed in the present studyxtraction pulse is increased, however, large cluster ions
The results of the present study can, however, be interprete@ith n>30 form due to aggregation of atoms or small
in terms of contemporary models of UV laser ablation. Inclusters as they collide during the expansion of the vapor
these models the laser pulse induces localized surface eftom the target surface. The time resolved observation'of C
citation and rapid heating, leading to photo- and thermionigons in a laser-ablated plume presented here also characterizes
electron emission, closely followed by ejection of positivethe axial expansion of the plums,, strictly along a direction
ions. These ions are accelerated out of the local volume asparpendicular to the target surface. The compositional var-
result of Coulombic attraction (by the expanding electroniation in the plume arises from the different expansion velo-
cloud) and repulsion (by other ions). The large acceleratiogities of species with different cluster masses. Although
force of the electric field, generated inside the plume by theheory predicts that the ion velocities should vary with the
difference in velocity between electrons and ions, couldnverse square root of the mass of the species, we observed a
contribute to the high velocities of these ions. weaker dependence, probably because of transfer of mo-

Figure 5b shows a plot of the most probable velocity of anentum in the plasma between different species during the
cluster ion as a function of its mask The dependence of initial stage of the expansion.
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