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ABSTRACT

A detailed study on correlation between residual
thermal response of a sample and its optical
absorptance change due to laser-induced sur-
face structural modifications in multi-shot fem-
tosecond laser irradiation is performed. Ex-
periments reveal an overall enhancement for
residual thermal coupling and absorptance in air.
Surprisingly, residual thermal coupling in air
shows a non-monotonic dependence on pulse
number and reaches a minimum value after a
certain number of pulses, while these behaviors
are not seen in absorptance. In vacuum, how-
ever, both suppression and enhancement are
seen in residual energy coupling although ab-
sorptance is always enhanced. From these ob-
servations, it appears that air plasma plays a
dominant role in thermal coupling at a relatively
low number of applied pulses, while the forma-
tion of craters plays a dominant role at a high
number of pulses.

Keywords: Femtosecond Laser; Ablation; Residual
Energy; Absorptance; Surface Structures

1. INTRODUCTION

Many applications of femtosecond lasers, such as
high-precision materials machining [1,2], nanotechnol-
ogy [3-7], modification of optical properties of materials
[8-12], thin film deposition [13], modification of wetting
properties of solids [14-17], producing diamond-like
materials [18], laser plasma thrusters [19], and biomedi-
cine [17,20], are based on laser ablation of solids. Al-
though femtosecond laser ablation have been extensively
studied in the past [21-27], many of the physical mecha-
nisms remain unclear. For example, recent studies have
shown that the residual thermal energy in an irradiated
metal sample abruptly increases following both sin-
gle-pulse and pulse-train femtosecond laser ablation in a
gas medium when the laser fluence is above a certain
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threshold [28,29]. In the case of pulse-train ablation [29],
it was found that one contributing factor to the enhanced
thermal coupling following a large number of applied
pulses is an increase of sample absorptance due to sur-
face structural modifications. However, we have shown
that the surface modifications alone cannot fully explain
the enhanced thermal energy deposition [29]. To further
study the effects of the enhanced thermal coupling to
metals, in this paper, we perform a shot-to-shot detailed
study on how residual energy correlates to the absorp-
tance change due to surface structural modifications. We
observe an overall enhancement for residual thermal
coupling and absorptance in air. Surprisingly, residual
thermal coupling in air shows a non-monotonic depend-
ence on pulse number and reaches a minimum value
after a certain number of pulses, while these behaviors are
not seen in absorptance. In vacuum, however, both sup-
pression and enhancement are seen in residual energy
coupling although absorptance is always enhanced. To
explain these observations, we suggest that air plasma
plays a dominant role in thermal coupling at a relatively
low number of applied pulses while the formation of cra-
ters plays a dominant role at a high number of pulses.

2. EXPERIMENTAL SETUP

The laser used in the experiment is an amplified
Ti:sapphire system generating 65-fs pulses of about 1.5
mJ/pulse at a 1-kHz repetition rate with the central wa-
velength at 800 nm. Our experimental setup is shown in
Figure 1. To produce ablation, the laser beam is focused
onto a platinum (Pt) bulk sample at normal incidence.
The Pt sample is mechanically polished before experi-
ments. The number of laser pulses, &, delivered to the
sample is controlled by a fast electromechanical shutter.

Following pulse irradiation, some directly absorbed
laser energy will be carried away by the ablated material,
while a fraction of the absorbed pulse energy will remain
in the surface layer of the sample, dissipate into the bulk
sample due to heat conduction, and remain in the sample
as residual thermal energy. The remaining energy fol-
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Figure 1. Experimental setup for studying both residual ther-
mal coupling and absorptance change of a metal due to surface
structural modifications following pulse irradiation.

lowing irradiation will cause the bulk sample tempera-
ture to rise. Furthermore, there can be indirect mecha-
nisms contributing to the residual heating of the sample,
such as re-deposition of the hot ablated material back
onto the sample and exothermic chemical reactions. To
characterize the total residual thermal energy coupling to
the sample, we define a residual energy coefficient
(REC), K, as K = Ey/E;, where Ey is the total residual
energy remaining in the sample following pulse irradia-
tion and E; is the pulse energy incident onto the sample.
To measure Er, we apply a calorimetric technique that
has been described in our previous studies [28,29].
Briefly, we measure the bulk temperature rise 47% with a
thermocouple battery following ablation and determine
Ep calorimetrically as Er = mCATg, where m is the mass
and C is the known specific heat capacity of the sample.
To measure Ej, a fraction of the incident pulse energy is
split off by a beamsplitter and diverted to a pyroelectric
joulemeter. This calorimetric technique can also be used
to study the change of the sample absorptance due to
laser-induced surface modifications by applying the fol-
lowing procedure that has also been described in our
previous work [9]. To determine the absorptance of a
damaged material following pulse irradiation, we at-
tenuate the laser fluence with neutral density filters to a
level much below the ablation threshold and apply the

same calorimetric technique as used in determining REC.

Briefly, after ablation we will irradiate the ablated spot
using a train of low-fluence laser pulses that will not
produce further surface modifications. The absorbed
fraction of this low-fluence pulse train energy, E,, will
dissipate into the sample due to heat conduction and
cause the bulk temperature of the whole sample to rise
by 4T,. We measure AT, with the thermocouple battery
and determine calorimetrically the energy E, absorbed
by the sample. Having also measured the total energy of
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the low-fluence pulse train, E;7, the absorptance of the
sample following laser ablation is determined as 4 =
E/E;r. Thus, our calorimetric technique allows us to
measure both REC and absorptance of the ablated sam-
ple and to determine the relationship between REC and
absorptance. Our experimental procedure is as follows.
We apply the first laser pulse to an undamaged Pt sam-
ple with fluence above the ablation threshold and deter-
mine REC. We then attenuate the beam with the neutral
density filters and measure the absorptance of the irradi-
ated spot. Next, we remove the filters, apply the second
high-fluence pulse, and determine REC; we then reinsert
the filters and measure the absorptance A following
two-pulse ablation. This measurement is repeated at the
same sample spot, so we can determine both REC and 4
as a function of pulse number N. Our experiment is car-
ried out in both l-atm air and in a vacuum at a base
pressure of 6 x 10~ Torr. The number of applied laser
shots is varied from 1 to 1000. Following pulse irradia-
tion, the irradiated spots are examined under a scanning
electron microscope (SEM).

3. EXPERIMENTAL RESULTS

Following femtosecond laser irradiation, the residual
energy coefficient K(N) and low-fluence absorptance
A(N) are studied as functions of the number of applied
laser pulses, N, at single-pulse laser fluence of F = 9.0
and 3.6 J/cm® in both air and vacuum. The single-pulse
ablation threshold F,;, for the mechanically polished Pt
surface is determined to be F,;; = 0.15 J/cm®. The num-
ber of pulses required to drill through a 0.25-mm-thick
Pt sample in air is determined to be 920 and 1530 at F =
9.0 and 3.6 J/em®, respectively. This gives an average
ablation rate of 272 and 163 nm/pulse for the two flu-
ence levels. As a reference, we also measure the low-flu-
ence absorptance Ay(N) for an undamaged surface at
fluence much below the ablation threshold. This Ay(N) is
shown with the cross symbols in Figure 2.

One can see that 4, is a constant value of about 0.34
and is independent of the number of applied shots, indi-
cating that this laser fluence is indeed low enough and
no heat accumulation effects are involved. This value of
Ay (~0.34) agrees with the table value of the absorptance
for a mechanically polished Pt at A = 800 nm [30]. The
dependences of REC and absorptance on the number of
ablation shots at F = 9.0 J/cm” in 1-atm air are shown in
Figure 2. We notice two distinct regions in the behavior
of K(N) and A(N). For N < 12, REC decreases with N
while for N > 12, REC increases with N. An important
feature in the behavior of REC is that the highest REC
value (K = 0.76) is reached by only one single pulse ab-
lation although the absorptance of the undamaged sur-
face before the first pulse irradiation is the lowest (4 =

OPEN ACCESS



490 A.Y. Vorobyev et al. / Natural Science 3 (2011) 488-495

1.0 Ablation in air at F=9.0 Jicm?
0.9 1
0.8 o ®
] o o @®o©
0.7 o °©
] o .
06+ o o .
<.\ 0.5 ° o o
< ° ® ® . °
¢ 0.4+
0 3_‘ + + + st F + + + 4 + +
0.2+ o REC
0.1 ® Absorptivity after ablation
1 +  Absorptivity of undamaged surface
0-0 T T T T T T L
1 10 100 1000
Number of shots

Figure 2. The pulse number dependences of residual energy
coefficient and absorptance for platinum following ablation at
F=9.0J/cm’ in 1-atm air.

0.34). Following the second pulse irradiation, REC de-
creases from 0.76 to 0.64 although the sample absorp-
tance (4 = 0.5) before the second pulse is much higher
than the undamaged surface value. For 2 <N < 12, REC
decreases while the absorptance remains virtually the
same. These data clearly show that for low N the en-
hanced absorptance compared to the undamaged surface
is not the dominant factor for the enhanced residual
thermal heating. For N > 20, REC starts to increase with

N and reaches a saturation level of about 0.75 at N = 200.

Therefore, in the range of N studied in this experiment,
about 50% - 75% of incident pulse energy remains in the
sample as residual thermal energy (thermal load). The
A(N) data in Figure 2 show that the absorptance en-
hances from 0.34 (undamaged surface) to 0.5 following
single-pulse ablation, then remains approximately con-
stant for NV < 30. To determine the surface structures as-
sociated with the absorptance enhancement, we take
SEM images of the sample surface. As shown in Figure
3, the enhanced surface absorptance mainly results from
the laser-induced micro- and nano-roughness [9]. With
further increasing N, we observe the formation of an
ablation-induced crater (see Figure 4(a)) and both REC
and absorptance increase as the cavity develops. From
Figure 2, we can see that 4 surpasses K when N > 600.
The behaviors of 4o(N), A(N), and K(N) measured in a
vacuum are shown in Figure 5. We can see that the
low-fluence absorptance 4o(N) of an undamaged surface
is about the same as the value measured in air. The over-
all behavior of A(N) in vacuum is similar to that in air,
although the absorptance enhancement due to surface
structural modifications is greater in vacuum compared
to that in air. However, the dependence of K on N in va-
cuum is very different from that in air. We can see that
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Figure 3. SEM images of the surface morphology of the ir-
radiated spot after one-shot ablation of platinum at F =
9.0.J/cm® in l-atm air: (a) the general view of the ablated
spot; (b) micro- and nano-structural features on the periphery
of the ablated spot; (c) spherical nanoparticles re-deposited in
the central area of the ablated spot; (d) magnified view of the
peripheral surface structures shown in (b). The diameter of
the irradiated spot is about 100 pum.

Figure 4. SEM images showing the onset of
the cavity formation following 20-shot ab-
lation at F = 9.0 J/em? in air (a) and in vac-
uum (b).

following the first pulse ablation, REC reaches a value
of 0.15 in vacuum, well below the value of absorptance
of the undamaged surface. This low REC value in vac-
uum contrasts with a much higher REC value we ob-
serve in air (K = 0.76 higher than the absorptance value).
For N between 2 and about 20 shots, REC remains to be
nearly constant at 0.15 despite the absorptance has in-
creased from 0.44 to 0.74. For N > 20, REC increases
significantly and reaches a value of about 0.85 at a large
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Figure 5. The pulse number dependences of residual en-
ergy coefficient and absorptance following ablation at F'
=9.0 J/em® in a vacuum at a base pressure of 6 x 107
Torr.

N. In the entire range of N, we notice that K < A4 for ab-
lation in vacuum, which contrasts with the relationship
of K > A in air. We also take SEM images of surface
morphology following ablation in vacuum under the
same ablation conditions as in air and some representa-
tive images are shown in Figure 6. A comparative anal-
ysis of the images taken for ablation in air versus in va-
cuum shows that the central area of the ablated spot in
vacuum is free of redeposited nanoparticles (compare
Figure 6(c) with Figure 3(c)) although a small amount
of redeposited particles may be observed on the periph-
eral area of the ablated spot. Figure 5 shows that both
K(N) and A(N) begin to increase significantly for N in
the range of 10 - 20 shots in vacuum. The SEM study
reveals that these enhancements correlate with the cavity
formation (see Figure 4(b)). Therefore, for ablation both
in air (Figures 2 and 4(a)) and in vacuum (Figures 5
and 4(b)), the onset of the significant REC and absorp-
tance enhancements occurring at N = 10 - 30 corre-
sponds to the formation of a crater.

To study the effects of laser fluence on REC and ab-
sorptance in multipulse ablation, we also measure K(N)
and A(N) following ablation at lower fluence of 3.6
J/em®. The obtained results are plotted in Figures 7 and
8. The comparison of these lower-fluence data with the
higher-fluence data in Figures 2 and 5 shows that the
lower laser fluence mostly affects K(N), and we observe
the relationship of K < 4 at F' = 3.6 J/cm® as opposed to
K > A at F=9.0 J/om’. To further understand the effects
of laser fluence on residual thermal coupling, we meas-
ure the fluence dependence of K following single-pulse
(N =1) ablation in air, neon, and vacuum by irradiating a
fresh spot on the Pt sample after each shot. The behavior
of K(F) following a single femtosecond pulse ablation of
an undamaged surface is shown in Figure 9. We see that
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Figure 6. SEM images of surface morphology of the irradiated
spot after one-shot ablation of platinum at F = 9.0 J/em® in
vacuum: (a) the general view of the ablated spot; (b) micro-
and nano-structural features on the periphery of the ablated
spot; (c) the magnified view of the central area of the ablated
spot (there is no re-deposited nanoparticle as compared to Fig.
3(c)); (d) the magnified view of the peripheral surface struc-
tures shown in (b). The diameter of the irradiated spot is 100
pm.
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Figure 7. The pulse number dependences of residual en-
ergy coefficient and absorptance following ablation at F' =
3.6 J/em® in 1-atm air.

the three curves are virtually overlap on each other for
< 1.2 J/em®. However, these three curves start to branch
out for F > 1.2 J/em?, i.e., REC increases both in air and
neon but decreases in vacuum. This measurement shows
that the specific type of ambient gas plays very little role
in affecting REC, but the presence of an ambient gas is
the dominant factor for the enhanced REC. To further
understand the ambient gas pressure effects on residual
thermal energy deposition, we measure the pressure de-
pendence of K and the data are shown in Figure 10. We
can see that REC decreases as the ambient air pressure is
lowered. This pressure dependence becomes insignifi-
cant in the low-pressure range, i.e., P < 0.03 Torr.
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Figure 8. The pulse number dependences of residual energy
coefficient and absorptance following ablation at F' = 3.6
J/em? in a vacuum at a base pressure of 6 x 10~ Torr.
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4. DISCUSSIONS

Thermal response of metals following high-fluence
laser irradiation has been studied in the past using mi-
crosecond [31] and nanosecond [32] laser pulses, and
enhanced heat deposition in metals has been found in
those experiments when plasmas are generated. To ex-
plain those enhanced thermal energy coupling, it has
been suggested that energy transferring to a metal sam-
ple from laser-induced plasmas plays a key role [31].
Previously, we have found that the behavior of residual
thermal energy coupling shows a similar general trend
between nanosecond- and femtosecond-laser pulse abla-
tion [28], and this suggests that the physical mechanism
used to explain the long-pulse REC enhancement may
also account for the behaviors of residual heating in
femtosecond laser ablation. In general, two types of plas-
mas can be produced during a femtosecond laser pulse: 1)
solid-density plasma in the skin layer of the sample and
2) ambient gas plasma. Solid-density plasma can be
produced in both air and vacuum; in our experiment,
however, the enhanced thermal coupling occurs only in
air and therefore, we believe the solid-density plasma
does not play a key role in the enhanced energy coupling.
Therefore, we will subsequently focus our discussion on
the effects of ambient air plasma.

The experimental data shown in Figure 2 are obtained
with an intensity of about 10'* W/ecm®. At this high in-
tensity, direct ionization of the ambient air during the
femtosecond laser pulse easily occurs by means of mul-
tiphoton and tunneling ionization even without the pres-
ence of a metal sample [33]. In the presence of a metal
surface, the threshold of air ionization in front of the
metal surface can be significantly reduced due to: 1) air
exposing to the additional laser light reflected from the
metal surface besides the incident light [34], 2) energetic
electrons escaping from the metal surface due to mul-
tiphoton photoelectron and thermoionic emission [35],
and 3) UV radiation from laser-induced solid-density
plasma, if any. The above three processes may addition-
ally contribute to air ionization besides the dominant
multiphoton ionization [34] from the incident laser light.
It should be emphasized that this air plasma is produced
prior to the hydrodynamic motion of the ablated material
from the sample that occurs on the nanosecond time
scale [36,37]. We note that the generation of air plasma
prior to the hydrodynamic motion of the ablated material
has been observed in the past in picosecond laser abla-
tion [38]. The difference between plasmas produced in
air and in vacuum can clearly be seen from the plasma
plume images in Figure 11, which are taken using an
open-shutter camera [28]. We can see that the size of hot
plasma generated following ablation in air is larger than
that in vacuum. Since material ejection in vacuum is not
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constrained by ambient gas, plume formed in vacuum
should have a larger size than that in air if they are
formed only by the ejected metal particles. The fact that
we see a larger plume size in air rather than in vacuum
indicates that there must be air plasma generated by a
high-intensity laser pulse. The formation of air plasma
during femtosecond pulse can enhance thermal energy
coupling to a sample due to the following two pathways:
1) transferring the energy stored in the air plasma to the
sample [34], 2) enhanced re-deposition of the ablated
material back onto the sample due to the presence of a
high-pressure on the sample surface from the ambient
gas plasma long after the femtosecond laser pulse. The
decay time of the air plasma pressure, 7, is given by [39]
T= r/ a, , where r is the radius of the irradiated spot and
a, is the sound speed in the plasma. For our ablation
experiment in air, we estimate 7 to be about 10 ns with
7 =50 pm and a, = 5 km/s [39]. In our experiment, we
observe a greater amount of particle re-deposition within
the ablation spot in air following a single pulse ablation,
see e.g., SEM images in Figures 3(c) and 6(c). From the
SEM images in Figure 12, we again see a greater
amount of material re-deposition around the crater in air
compared to that in vacuum following multi-pulse abla-
tion. Therefore, an enhanced re-deposition of the ablated
materials in air following both single-pulse and mul-
ti-pulse ablation is confirmed experimentally.

By taking into account the above-mentioned enhanced
thermal coupling assisted by air plasma, the behavior of
REC in Figure 2 can be explained as follows. For the
low N (N < 12) where REC decreases from 0.76 after

Pt sample

Vacuum

Pt sample

Figure 11. Open-shutter photographs
of the plasma generated by single-pulse
ablation at F = 3.3 J/cm® in 1-atm air
and vacuum (P = 7 x 107 Torr). The
laser beam is incident normally onto
the sample from left.
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Figure 12. SEM images of the re-deposited
materials on a platinum sample following
1500-pulse ablation at F = 3.3 J/em? in (a)
air and (b) vacuum. There is clearly more
material re-deposition around the crater in
air than in vacuum.

the first pulse to 0.65 after 12 pulses, laser ablation
mainly produces surface roughness (Figure 3) and no
crater is formed. This surface roughness will diffuse the
surface backscattering, reduce the amount of reflected
light absorbed by air plasma, and subsequently reduce
the air plasma-assisted heating of the sample. For N > 12,
a cavity starts to develop (Figure 4(a)), and this causes
REC to increase with N. The cavity effects on the en-
hanced REC can be more clearly seen from the REC
data in vacuum (Figure 5) where the air plasma effects
are excluded: we can see from the figure that, for N < 10,
REC is very low (K ~ 0.15) in vacuum without the con-
tribution of air plasma, but increases significantly with N
for N >10 when a cavity is formed (Figure 4(b)). The
results obtained here show a significant effect of the
reflected light on air plasma. However, a full under-
standing of this effect requires further experimental and
theoretical studies.

5. CONCLUSIONS

In this paper, we perform a shot-to-shot detailed study
on how residual thermal coupling depends on the ab-
sorptance change due to laser-induced surface structural
modifications. Surprisingly, our study shows that, with a
small number of applied pulses in air, the enhanced re-
sidual thermal coupling following the first-pulse ablation
decreases with pulse number despite of an enhanced
absorptance. Both residual thermal coupling and absorp-
tance increase with pulse number following a large
number of applied pulses. To explain our observation at
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a low pulse number, we propose a plasma-assisted me-
chanism for femtosecond laser ablation in a gas medium.
Supported by our experimental results, we believe that
the formation of ambient gas plasma enhances thermal
energy coupling to a sample due to the following two
pathways: energy transfer from the air plasma to the
sample and enhanced re-deposition of hot ablated parti-
cles back onto the sample due to the presence of high
pressure from the ambient gas plasma. These plas-
ma-assisted effects can only play a role in a gas medium
and are most important following a relatively low num-
ber of applied shots when only surface roughness but not
a crater develops. At a large number of applied pulses,
the residual heating of the sample is mainly governed by
the formation of craters that enhance thermal energy
coupling to the sample both in air and in vacuum. Al-
though further studies are needed to better understand
the physical mechanisms of thermal energy coupling to
solids, our study provides new guidelines to determine
the optimal thermal-loading conditions for achieving
high-quality material processing using femtosecond laser
pulses.
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