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The effect of laser wavelength on the ablation rate of carbon
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Abstract The ablation of graphite is studied as a function
of laser fluence for 355, 532 and 1,064 nm wavelength
generated by a nanosecond Nd:YAG laser. It has been
found that in the case of lower wavelengths, the transition
from the thermal ablation to the phase explosion takes
place at lower laser fluences. The change of crater shape
due to the effect of deep drilling in the proximity of the
phase explosion threshold was observed. The calculations
of plasma radiation flux to the target surface were made,
and the considerable increase of absorbed energy density
was found in the case of 355 nm wavelength.

1 Introduction

Pulsed laser ablation is a well-established method of
removing material from a solid surface and synthesizing
nanostructures. In most of its technological applications,
the ablation threshold, the ablation rate and transition from
the thermal ablation to the phase explosion are key
parameters. The last effect—sudden increase of the laser
ablation rate over certain laser fluence—was observed and
studied in several papers [1-7]. It is rather general agree-
ment that this increase corresponds to a change of the
ablation mechanism from surface vaporization to explosive
boiling (also known as phase explosion). It is caused by
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rapid target heating and, therefore, is a function of the laser
pulse energy per unit area (fluence). Rapid laser heating
causes that the heated liquid—vapor system leaves the sat-
uration line and enters the metastable region. According to
the theory of superheated liquids when a liquid reaches its
homogeneous nucleation temperature Ty, > 0.9 T, (where
T.. denotes critical temperature), rapid transition from
superheated liquid to a mixture of vapor and liquid occurs.
Since the volume of gas phase greatly exceeds that of
liquid, sudden boiling resembles an explosion [8] and
results in ejection of mixture of vapor and liquid droplets.

The transition to phase explosion was visualized in [5],
and the images showed that the effect takes place after
termination of the laser pulse due to the time lag for for-
mation of homogeneous nuclei. Another explanation of this
delay suggested by Tao et al. [7] is that it corresponds to
the time after the cessation of the laser pulse, which is
necessary to decrease the recoil pressure exerted upon the
surface of the target melt pool by the vaporization flux and
plasma pressure. Since the ejection of droplets results also
in very deep craters, the phenomenon is important from a
practical point of view because of application of laser
ablation in many areas of technology such as laser surgery,
laser cleaning, surface patterning, deposition of thin films
or synthesis of nanostructures. For example, the production
of large particulates as well as nanoparticles that appear as
a result of phase explosion seriously diminishes the quality
of the deposited thin films.

In this paper, the ablation of graphite is studied as a
function of laser fluence for various wavelength of a
Nd:YAG laser. The ablation of graphite is used to obtain a
wide variety of carbon allotropes, such as diamond-like
carbon films [9, 10], diamond crystallites [11] fullerene
carbon molecules [12], carbon nanotubes [13, 14], carbon
nanowalls [15] and graphene [16, 17] as well as for the
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removal of co-deposited layers from plasma limiters in
tokamaks [18]. However, there are only a sparse mea-
surements of such factors as the ablation or explosive
boiling threshold for nanosecond laser pulse [3, 4, 19-21].
In this work, the results of systematic measurements of the
ablation rate for the first, second and third harmonic of
Nd:YAG laser in wide range of laser fluences are pre-
sented. The crater cross sections are also shown. Both
polycrystalline graphite and highly oriented pyrolytic
graphite were used in experiments. The results of theoret-
ical calculations are also presented and compared with the
experiment.

2 Experiment

Irradiation of a graphite target was performed in a chamber
evacuated to a residual pressure of 1 x 107> Pa using a
Nd:YAG laser (Quantel, 981 E). The laser was operated at a
wavelength of 1,064, 532 or 355 nm with 10 ns pulse
duration (FWHM) and a repetition rate of 10 Hz. All har-
monics are polarized horizontally. The spatial and time
profiles of the laser beam were Gaussian. The laser fluence
was changed from 1 to 150 J cm™2. The laser beam spot
size at the target surface was kept constant while the laser
pulse energy was varied. The laser spot diameter defined by
Iy/e*, where I, is peak intensity, was determined by regis-
tration of the focal spot with ICCD camera after attenuation
of the laser beam and was ~ 310 um in the case of 1,064 nm
and ~260 um in the case of 355 and 532 nm wavelength.

The incident angle of the laser beam was close to the
surface normal. Two types of graphite—a polycrystalline
graphite from Goodfellow (1.8 g cm™* mass density) and
highly oriented pyrolytic graphite (HOPG) from Kurt
JLesker (2.2 g cm™*)—were used. The target was rotated
to avoid crater formation. At each fluence, the amount of
ablated substance was determined by measuring the target
weight before and after many thousand shots. In the pre-
sented range of fluence (2.5 < F < 110), the number of
laser shots changes from 90,000 to 9,000. Craters formed
after single or several laser shots were also examined. The
measurements were made with the use of scanning profi-
lometer Homme Tester T 8000 nanoscan and optical
profilometer.

3 Results and analysis

The results of experiments are shown in Figs. 1 and 2. The
ablation rate (total ablated mass per number of pulses per
laser spot area) for different laser wavelengths is shown in
Fig. 1 as a function of laser fluence up to 10 pg mm 2
pulse”! only. The further growth of the ablation rate
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between 10 and 25 pg mm ™2 pulse™! is very steep and is

not shown in the figure. The transition to the phase
explosion is indicated by the jump of the ablation rate. The
transition takes place at approximately F ~ 10 J cm ™ for
355nm, F ~ 251] cm 2 for 532 nm and F ~ 55 J cm™>
for 1,064 nm. It is worth noting that in the case of 532 nm,
the explosive vaporization threshold is observed at the
same fluence as in Ref. [4]. In the case of 355 and
1,064 nm, similar results are obtained for highly oriented
pyrolytic graphite (Fig. 1b); although for 355 nm, the
transition is not seen because of too few measurements at
low fluence. For 1,064 nm, the transition is less pro-
nounced, and for that reason, it is shown in smaller scale in
the inset. The lower threshold for the transition to explo-
sive boiling in the case of lower wavelengths is not sur-
prising given the fact that the absorption coefficient of
carbon decreases for longer wavelength. The critical point
is therefore reached at lower fluences for lower
wavelengths.

The lack of distinct difference in the ablation rate for
polycrystalline graphite and HOPG is by no means sur-
prising since in the liquid phase the target looses its crys-
talline structure. Minor differences can result from
different mass density of the targets.

The cross sections of craters ablated from polycrystal-
line rigid foil by 1,064, 532 and 355 nm radiation are
shown in Fig. 2. The ablated rate (obtained from the crater
volume multiplied by mass density of graphite) is in fair
agreement with that obtained from the weight loss. For the
sake of visualization, the crater depth is shown in smaller
scale than the crater width.

In the case of 1,064 nm wavelength, the ablated area is
always essentially of the same size as the measured laser
spot (Fig. 2a). However, at fluence F ~ 50 = 5] cm 2 at
the bottom of the wide, shallow crater much thinner, deep
channel appears. Similar change of crater shape was
observed at F ~ 17 J cm 2 in the case of 532 nm radia-
tion (Fig.2b), and at F = 7.51J cm™2 in the case of
355 nm radiation (Fig. 2c). This thin channel although
conspicuous does not really increase the ablated mass more
than 10-15 %. However, the change of the crater shape at
fluence close to the phase explosion threshold indicates the
change of the ablation mechanism. It is understandable that
in the case of Gaussian beam, the critical temperature is
reached first in the center. When fluence exceeds the
explosive vaporization threshold, the craters change their
shape definitely and their depth is always much higher than
that resulting from the conductive heat transport. This is
clearly demonstrated in the case of third harmonic when at
F=>201] cm ™2 craters over 20 pm deep are obtained
already after single laser shot (Fig. 2d), while in the range
3.3 < F <7, the ablation depth is about 300 nm/pulse.
The area of ablated target surface is at low fluences smaller
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than that obtained from the laser spot measurements and
gradually increases with fluence. This is well comprehen-
sible in the case of Gaussian beam because the ablation
threshold shifts to bigger beam radius with the increase of
fluence. The measured diameters of the ablated area were
used to construct 7 ~ In(F) plot and to determine the
ablation threshold, which was found about 1 J cm ™2 in the
case of third harmonic.

Crater width (um)

4 Modelling

The theoretical model that describes the target heating,
formation of the plasma and its expansion, presented in
[22], was used to calculate the ablation rate. The results are
shown in Fig. 3. The thermal model used should properly
describe the ablation process at laser fluence lower than the
phase explosion threshold. The model predicts a reasonable
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crater’s depth below the threshold. However, other results
of calculations do not fit well the experimental findings. At
low fluences (F < 101J cmfz), the experimental ablation
rate is higher for the 1,064 nm than for the lower wave-
lengths. This is contrary to the expectations because the
reflectivity grows with the wavelength while the absorption
coefficient decreases [23, 24]. The optical properties of
graphite were used after Ref. [23] because they are very
close to those found for the liquid phase of carbon in [24].

In [4], the role of radiation from the laser-induced
plasma in deepening the molten layer and in consequence
the crater depth during the explosive vaporization was
found. Considerable difference between temperature and
pressure distributions of plasma plume induced by 355 and
1,064 nm radiation found in [22] suggested wavelength-
dependent plasma effects on the ablation rate. In this work,
such distributions were consequently used to calculate
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Fig. 3 Ablation rate. Lines—calculations. Symbols—experiment
(filled symbols—from weight measurements, open symbols—from
crater’s volume)

Fig. 4 Distribution of the
plasma temperature and the
electron density at 15 ns from
the beginning of the 355 nm
laser pulse. Laser fluence

157 cm™

355 nm; 15 ns
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plasma composition at F = 15 J cm™~2 and time interval

5 <t <30 ns. The beginning of the laser pulse (10 ns
FWHM) was assumed 10 ns prior to its maximum intensity
(see Fig. 5 of Ref. [22]). The characteristic distributions of
the plasma temperatures and the electron densities at
t = 15 ns are shown in Figs. 4 and 5.

Next, the radiation flux to the target surface was cal-
culated. The calculations, similar to that presented in [4],
included all possible radiation mechanisms: the electron—
atom and the electron—ion bremsstrahlung, the radiative
recombination and line radiation. The most important
term—the photo-recombination—was calculated with the
use of carbon photoionization cross sections [25]. The
range of wavelength was 140-1,100 nm, and the corre-
sponding absorption coefficients were taken from [23]. The
calculations revealed that the plasma radiation increases
the absorbed energy density ), a(4) - F(4), where « is the
absorption coefficient of graphite and A is the wavelength.
Taking into account that the laser radiation is strongly
absorbed by the plasma plume [22], the plasma radiation
increases the absorbed energy density by 22.5 and 3.8 %,
for 355 and 1,064 nm, respectively. This means that
plasma radiation can significantly modify the ablation
process in the case of lower wavelength. It results from the
fact that dominant plasma radiation is due to the photo-
recombination; the resulting continuum radiation is
[;e(A)dA~ N, - T3 7Z*- N, where N, and N, are the
electron and ion density. Such denser and cooler plasma is
produced by shorter laser radiation.

This effect together with the explosive vaporization can
explain the formation of deep craters at fluences higher
than the threshold for the phase explosion. It is rather
obvious that the surface vaporization alone cannot result in
deep drilling and consideration of volumetric mass removal
is necessary. However, it is still not clear why at low flu-
ence (F<101] cm_z) the observed ablation rate was
smaller in the case of second and third harmonic than that
at 1,064 nm. It is worth noting that similar effect was found
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Fig. 5 Distribution of the
electron density at 15 ns from
the beginning of the 1,064 nm
laser pulse. Laser fluence

153 cm™>

1064 nm; 15ns

r (mm)

in [26], ie., at F ~ 6] cm72, the ablation depth was
significantly lower for 532 nm than for 1,064 nm laser
wavelength. The explanation given in [26] is that for
532 nm, the penetration depth is lower due to higher
absorption coefficient. But on the other hand, our calcula-
tions which use similar coefficients give different results.
Either the reflectivity or absorption coefficients used in
calculations are not correct for the liquid phase of graphite
or the optical properties of the surface change during the
large number of shots. However, the decrease of the
reflectivity from 0.3 to 0.1 [27] corresponds merely to the
increase of the absorbed laser fluence by 29 %, which does
not change the results significantly.

5 Conclusions

Similar ablation rate in the case of HOPG and polycrys-
talline graphite indicates that as a result of laser irradiation,
the target looses its crystalline structure and the laser beam
interacts with carbon in the liquid phase. The transition
from thermal ablation to the phase explosion takes place at
lower fluences for shorter laser wavelengths, which means
that also in liquid phase, the absorption coefficient of
carbon decreases for longer wavelengths. In presented
experimental conditions, the phase explosion threshold was
at F~ 10Jcm™2 for 355 nm, at F ~ 25J cm™2 for
532 nm and at F ~ 55 J cm™2 for 1,064 nm. The change
of the crater shape in the vicinity of the phase explosion
threshold was observed. The effect of deep drilling starts in
the centre of the laser-irradiated spot because in the case of
Gaussian beam, the critical temperature is reached first in
the central region of the spot.

The theoretical model predicts a reasonable crater’s
depth below the threshold. It also gives reasonable values
of the ablation rate, although the fact that at low fluences
(F<101J cm_z), the ablation rate is higher for the
shorter wavelengths, which is not supported by the
experiment.
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The calculations of plasma radiation flux to the target
performed at fluence of 15 J cm™? revealed that at this
fluence, the plasma radiation increases the absorbed energy
density by 22.5 and 3.8 %, in the case of 355 and 1,064 nm
radiation, respectively.
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