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Abstract Energy transport in femtosecond laser ablation can be divided into two stages: 1) laser energy absorption

by electrons during the pulse irradiation, and 2) phase change stage that absorbed energy redistributes in bulk materi-

als leading to material removals. We review challenges in understanding the phase change process mainly for the fem-

tosecond ablation of wide bandgap materials at the intensities on the order of 10" ~10" W/cm?®. Thermal vaporiza-

tion and Coulomb explosion are two major mechanisms considered for material removals. Based on the discussions of

energy transport, the estimation equations and unsolved problems for threshold fluence and ablation depth are presented.
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1 Introduction

During the process of femtosecond laser abla-
tion of wide bandgap materials, the material remov-
als mostly occur after the pulse duration. We focus
on the arguments on mechanisms of material re-
movals. The mechanisms of material removals are
reviewed, especially for thermal vaporization and
Coulomb explosion. Subsequently, based on the dis-
cussions of energy transport, we summarize the es-
timation methods and some unsolved problems for
threshold fluence and ablation depth.

2 Material removal mechanisms

The dissipation of the absorbed energy in bulk
material and the corresponding material removals
take place mostly after pulse duration. The phase
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change mechanism during the material removal
process of femtosecond laser ablation depends on
the fluence., pulse duration, wavelength, repetition
rate, pulse number, and material properties. The
major phase change mechanisms include thermal
processes ( non-equilibrium thermal vaporization
and melting) and non-thermal processes (the Cou-
lomb explosion and electrostatic ablation)t’. In
melting. the electron-phonon collisions increase the
local temperature above the melting point and gen-
erate significant liquid phase. In non-equilibrium

thermal vaporization-*~"

, the electron-phonon col-
lisions increase the local temperature above the va-
porization point so fast that the liquid phase can be

[5~71 | excited elec-

neglected. In Coulomb explosion
trons escape from the bulk material, generating
high positive changes and a strong Coulomb repul-
sion that repulses ions out of the bulk material. In
electrostatic ablation™, a strong electric field
formed by escaped electrons pulls out the ions with-
in the impact area. The four competing mechanisms
may coexist and/or transit to each other in material

removals. The role of each mechanism remains
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poorly understood and there are many different
viewst 349101

The Coulomb explosion and electrostatic abla-
tion are closely related. It is very often mixed up
with these two mechanisms. The difference is that
the electrostatic ablation takes place at the surface
when ejected electrons pull ions out, but the Cou-
lomb explosion takes place as a result of the repul-
sive forces between the ions in the bulk. The rela-
tive role of two mechanisms has been intensively
debated™*~%111 So far, no widely accepted agree-
ment has been achieved. Some researchers claimed
that the Coulomb explosion dominates during femto-
second laser ablation of dielectrics at fluences
slightly higher than the threshold fluences™:°~7111,
while in the similar conditions, others believe that
electrostatic ablation is the key mechanism*.

Another widely discussed debate regarding
phase change mechanisms during femtosecond laser
ablation is the relationship between the Coulomb
explosion and thermal vaporization. It is very chal-
lenging yet critical to clarify the augments and i-
dentify the roles of the competing phase change

mechanisms'! ~7-0-12~16]

In the following sections,
the mechanisms of material removals are reviewed
especially for thermal vaporization™ ***) and Cou-
lomb explosion-!-*~ 714151
2.1 Coulomb explosion

Compared with thermal vaporization, charac-
teristics of the

[2:3.13.14.17-19] . 1) jons of different materials have

Coulomb explosion include
similar momenta; 2) majority of ions is much faster
than those in thermal vaporization; 3) volume of
removal materials is on the order of tens of nanome-
ters; 4) the ablated surface tends to be smooth and
material removal is accurately controllable on the
nanometer scale, thus it is called gentle ablation;
and 5) there are two distinct velocity regimes of e-
lectrons: prompt electrons with energy order of eV
and slow electrons with energy order of meV. Slow
electrons actually are trapped by positive ions™! .
Figure 1 (a) shows the time-of-flight mass
spectrometer of emitted materials from Al,O; at
4 J/cm? by a 200-fs, 800-nm laser''".
two contributions to the signal: prompt electrons

There are

with energies on the order of eV and slower (meV)
plume electrons. Figure 1 (b) is an expanded scale
showing prompt electrons. The characteristics of
the Coulomb explosion are very obvious: slow

electrons and ions in Fig.1 (a), and prompt elec-
trons in Fig.1 (b). Please note the different time
scales in two sub figures. The slow electrons can be
considered as plasma electrons. Using time-of-flight
and emission spectroscopy measurement, Ye ¢ al. "
found the kinetic energy of titanium ions could
reach up to 3~10 keV ablated by a 80-fs, 800-nm
laser at 1. 25 x 10® W/cm?, which demonstrated
that the Coulomb explosion was the mechanism of
the material removal.
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Fig. 1 Electron and ion time-of-flight (TOF) data of

Al Os by a 200-fs, 800-nm laser at 4 J/cm*. (a)

Full range. Squares: both prompt electrons and

slow, plasma electrons. Solid line depicts the TOF

of the corresponding positive ions (0" + Al" );

(b) expanded scale showing prompt electrons.

Squares (thick line): from Al,O;; dashed line:

from Al
The magnitude of the electric field formed in
the Coulomb explosion depends on the electron Kki-
netic energy and the gradient of electron density a-
long the normal to the target materials'®’ as

e dlnn,
e dz

E, = @)

This electric field consequently pulls ions out of the
bulk materials if its magnitude is high enough. The
electrostatic force of this field on the ions, Fg, can
be calculated by Fy =eE,. Another force on the i-
ons by the electric field is the ponderomotive force
due to the gradient of the electric field that is esti-
mated byt

2me’

o2
-V I =
m.cw’

2
I wg

5
ZTICCZS a)Z

FPf == (2)

where I is the laser intensity, ¢ is optical velocity,
l is the field penetration length (skin depth), n. is
free electron number density, « is the laser fre-
quency, w,. is the electron plasma frequency, and
m. is the mass of electron. However, ponderomo-
tive force is much smaller than the electronic force
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and can be ignored™®.

Bulgakova et al. theoretically demonstrated
that Coulomb explosion occurred in dielectrics for
800-nm femtosecond laser irradiation, while it was
strongly inhibited for metals and semiconduc-

2451 The threshold for Coulomb explosion is

tors
assumed that under specific conditions, the electric
field generated in the irradiated target can reach a
threshold value so that the atomic bonds are broken
and a surface layer of the material is disintegrated.

Thus, the threshold electric field can be approxima-

[25]
2A. 2A.n
= - . 3
o \/EEOVM \/ €€o (3)

where e, and e are the dielectric constant of vacuum

ted as

E|h

and the relative dielectric constant respectively, A,
is the latent heat of sublimation for a single atom
and n, 1s the valence band electron density. For
femtosecond laser pulses, where the lattice is cold,
the threshold electric field Ey, is ~5 X 10" V/m sap-
phire whereas for gold and silicon, the threshold e-
lectric fields are smaller, 2. 76 X 10" and 2. 65 X
10" V/m, respectively.

2.2 Thermal vaporization

High electron mobility enhances electron
screening. Electron screening reduces the accumu-
lation of positive charge during a femtosecond laser
pulse, and thus reduces the electric field, which de-
creases the effectiveness of the Coulomb explosion.
If electron screening is sufficiently high, the Cou-
lomb explosion becomes insignificant. In these ca-
ses, excited electrons inside bulk material are
trapped by ions and cooled down by transferring en-
ergy to photons. The materials are emitted when
temperature is above the vaporization point, i.e.,
thermal vaporization happening. However, this ex-
planation based on electron screening mechanism
for ablation dominated thermal vaporization rather
than Coulomb explosion is just a qualitative assump-
tion, which needs further investigation.

Compared with the Coulomb explosion, charac-
teristics of thermal vaporization includel!-!t-14-17- 101,
1) emitted species are likely to have the similar ki-
netic energy; 2) temperatures of emitted species
are near the vaporization point; 3) the temperature
of the interface in bulk material side is near the va-
porization point during the ablation process; 4) vol-
ume of removal material per pulse is on the order of
submicrometer that is about one order of magnitude

higher than that by Coulomb explosion, thus it is
called strong ablation; and 5) ablated surface is
rough.

Ladieu et al. measured heating and estimated
the local temperature of the crater on a quartz sam-
ple at miliseconds after the sample was ablated by a
50-fs, 790-nm laser at 1~6 times of threshold flu-
encet®) . They found temperatures above 3000 C e-
ven at the fluence close to threshold after a virtually
infinite time (several milliseconds) with respect to
pulsewidth of 50-fs. Hence, they concluded that
thermal vaporization dominated the material remov-
als in the whole fluence regime of 1~ 6 times of
threshold fluence. Schmidt et al. observed that de-
sorption of metals (Al, Ag, Fe, and Ni) by a 30-fs,
800-nm laser at 10~50 mJ/cm? using interferomet-
ric time-resolved pump-probe measurementst?’’.
They concluded that thermal vaporization was main-
ly responsible for the ablation, while Coulomb ex-
plosion was insignificant due to effective electron
screening in metals. This conclusion was supported
by the experiments on the ablation of metals (Au)
and semiconductors (Si) by a 200-fs, 800-nm laser
at 4 J/cm?MY . Stoian et al. believed that the Cou-
lomb explosion was not a major mechanism in the
ablation of Au and Si M.

investigated experimentally the ultrafast ablation of

Recently Axente et al.

fused silica under 100-fs laser pulses at 800 nm in
vacuum with incident laser fluences of 5 J/cm?, which
was higher than the threshold value (1.4 J/cm?)™.
They concluded that the ablation mechanism was
dominated by thermal material removal processes in
their case, which was contrary to the results of
Bulgakova et al."*.
2.3 Transitions between Coulomb explosion
and thermal vaporization

Actually, the two competing mechanisms may
coexist in material removals. The particular mecha-
nism depends on material properties, pulse dura-
tion, fleunce, wavelength, number of pulses, and
so on™®7. As shown in Fig. 2, Stoian et al. identi-
fied from the momentum as shown in Fig.2(a) and
energy of O" and Al" species as shown in Fig.2(b)
that in the initial several pulses, the Coulomb ex-
plosion dominated material removals of crystalline
Al O; by a 100-fs, 800-nm laser at fluence slightly
above the threshold, where different ions had simi-
lar momenta and the kinetic energy was hight'’. Af-
ter a certain incubation period, the material remov-
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als gradually switch to thermal vaporization. At a
large number of pulses (>>100), thermal vaporiza-
tion dominates the material removals, where differ-
ent ions have similar kinetic energy and the kinetic
energy of ion is relatively low. Although the char-
acteristics of thermal vaporization and Coulomb ex-
plosion seem obvious, it remains a challenge to con-
vincingly explain the transition from Coulomb ex-
plosion and thermal vaporization and theoretically
predict the relative roles of two competing mecha-
nisms in material removals.
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Fig.2 (a) Momentum and (b) energy of O" and Al" spe-

cies within the plume as a function of number of la-

ser shots. The values were calculated from the

measured maxima in the velocity distributions-

3 Threshold fluence and ablation depth

On the basis of the previous discussion of the
fundamental mechanisms in the femtosecond abla-
tion, this section will discusse the methodologies to
estimate the threshold fluence and ablation depth.
3.1 Threshold fluence

Jeschke et al. defined the ablation threshold
fluence as “the laser fluence for which lattice insta-
bilities of such magnitude are induced that the sys-
tem is irreversibly damaged and at least a mono-lay-
er of material is removed”™". In experiments,
threshold fluence is actually determined by visual
acquisition, ablation depth measurement™’, or
plasma radiation monitoring™* .
In femtosecond laser ablation, the electron

temperature dominates the electron-phonon temper-

ature. Thus, photon absorption depth instead of the
thermal diffusion depth governs the heated volume.
Thermal diffusion depth is linearly proportional to
the square of pulsewidth, while photon absorption
depth is not. Hence, threshold fluence of femtosec-
ond lasers deviates from the law of the square root
of the pulsewidth that is valid for long pulsest!:**.

It is widely assumed that ablation starts when
the free electron density reaches the critical densi-
tyFSS’
ence can be considered as the minimal fluence to

. According to this assumption, threshold flu-

create the critical density. Based on this assump-
tion, the theoretical threshold logarithmically de-
pends on the value of critical density described

ast®

F, = ém(’“), (4)

Qi ny
where n. is the critical electron density and 7, is
the seed electrons generated by multiphoton ioniza-
tion; «; is the avalanche coefficient as flollowing

oo

0, = JP(I)dt. (5)
0
The threshold predictions based on the model of
Perry’s group are in good agreement with their ex-
periments*

From the viewpoint of material removal mech-
anisms, for the Coulomb explosion, it is assumed
that threshold fluence is the minimal fluence to cre-
ate an electric field high enough for electrons to o-
vercome the sum of the binding energy of ions in
the lattice, €, ,» and ionization potential, Up;. Under
this assumption, the threshold fluence of wide
bandgap materials can be expressed as'*

ln,

Fy, = i(81, +Up) . (6)
4 a

Equations (35) and (37) present only rough estima-

tion methodologies that are by no means mature.
Most recently Gruzdev™ " et al. propose a
model of laser-induced breakdown in wide band-gap
solids based on the modification of the Keldysh pho-
to-ionization theory™® by introducing a rigorous en-
ergy dependence of the reduced effective electron-
holemass. The threshold intensity evaluated isH*"!
I, Ad _ _Co&o (hglco)z,

1, (d s 2) 20000 e

where h is the Planck constant. 7, is refractive in-

D)

dex depending on crystal constant d and laser
wavelength A, and is assumed to be intensity-inde-
pendent in the first approximation, ¢, is the speed
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of light in vacuum, ¢, is the electric constant. The
unit of intensity I, is W/cm?. Numerical evalua-
tions show that for most wide band-gap cubic crys-
tals the threshold of the first singularity I, is close
to 10® W/cm? at the laser wavelength of 800 nm

[41~45]

frequently utilized in experiments . Numerical

values of Eq. (6) also agree well with the estimations
41, 46~48]

obtained from the experimental results-
Jia et al. studied the wavelength dependences
of the threshold fluences in fused silica and CaF,

19 The experimental (square) and theo-

crystals
retical (solid curve) results are presented in Fig. 3.
It is about 0.9 J/cm?® in fused silica as the laser
wavelengths A = 267 nm., and increases rapidly to
2.3 J/cm? asA =800 nm. The theoretical threshold
fluences for the visible lasers correspond well to the
34:35:50] * The threshold

fluence is observed to increase rapidly with laser

results reported previously"

wavelength A in the region of 250~800 nm, while it
is nearly a constant for A = 800~2000 nm.

10

Threshold fluences /(J/cm?)

®)
a
O
]
(m]
]
1t i
0 500 1000 1500 2000

Wavelength /nm

Fig.3 Wavelength dependences of the threshold fluences

in (a) fused silica and (b) CaF, crystals-*®”

Oh et al. also investigated the characteristics
of ultra-short pulse laser-induced breakdowns of
fused silica at different wavelengths of 526, 780,
and 1053 nm™. The Fokker-Planck (F-P) equa-
tion is applied to describe the transient behaviors of
electron densities and to predict the damage thresh-
old fluences for laser pulse widths of 10 fs to 10 ps.
They concluded that the damage threshold fluences
increased with laser pulse durations and laser wave-

lengths, while decreased considerably as the elec-
tric field intensities increased, especially for longer
pulse durations.

The ablation thresholds fluences of femtosec-
ond laser ablation of dielectrics also strongly de-

[52~541 Tt was found

pends on the number of pulses
that the surface ablation thresholds decreased sig-
nificantly with the increase of the radiation pulse
number until the saturation level was reached due to the
incubation effect, as demonstrated in Fig. 4-%.

o7 T

pulse duration
L —a—30 fs 4
X --130fs
L 1 \ ~4-230 s i
l’ ! -¥-340 fs

Threshold fluence, F, /(J/cm
(=} — [\V] w e~ (93} (=2}

10° 10! 10? 10° 10*
Number of pulses

Fig.4 Ablation threshold fluence Fy, versus the number
of pulses N for the ablation of Schott BG36%

3.2 Ablation depth

Ablation depth is governed by photon absorp-
tion depth that is typically longer than thermal dif-
fusion depth during a femtosecond pulse. It is as-
sumed that the actual fluence at the ablation depth.,
d , equals to absorbed threshold fluence, F(z =d) =
(1= 7)F,™7. Based on this assumption, under the
limit of linear absorption and constant optical prop-

55]

erties, the ablation depth can be estimated by"

d = %ln(ﬁi),

where F is the laser fluence. The assumption of

(8

that reflectivity is constant seems unacceptable dur-
ing the femtosecond laser ablation process™®’ . The
ablation depth of a femtosecond pulse can be ap-

proximated by the skin-effect model as following"*’

d— lzln(FFh> 9

This estimation is very rough, which is also based
7]

on constant optic properties. Jiang et al.®” im-
proved the prediction precision of ablation depth and
for the first time theoretically predicted the crater
shape in femtosecond ablation of wide band materi-
als by considering time and space dependent optical
properties and quantum effects of the plasma. Their
predicted threshold fluence and ablation depth for
fused silica and barium aluminum horosilicate are in

agreement with published experimental data. Fig-
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ure 5 shows the flat-bottom crater shape for wide
bandgap materials ablated by a 50-fs laser pulse™” .
The ablation of dielectrics by femtosecond pulse
train that consists of one or multiple pulses was still
analyzed by using the plasma model*®'. The results
show that repeatable structures at the desired smal-
ler nanoscales can be achieved in dielectrics by
using the femtosecond pulse train technology., even

when the laser fluence is subject to fluctuations.

0 ; v T
\ /

—
(=3 o))
(=] (=]

Depth /nm
—
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Fig.5 Ablation crater shape at different fluences by

57]

a 50-fs, 780-nm laser pulse'

Another assumption for the ablation depth is
that the free electron density at the ablation depth
equals to critical density. Based on this assumption,
the model of Stuart et al.™" can be used to discuss
the ablation-depth dependence on pulsewidth. If av-
alanche ionization dominates photon absorption,
electron density (thus, ablation depth) is independ-
ent of pulsewidth at a fixed fluence. By contrast, if
multiphoton ionization dominates photon absorp-
tion, electron density (thus., ablation depth) is ex-
pected to rapidly decrease with decrease of pulse-
width at a fixed fluence™. Burakov et al. conclu-
ded that the observed difference in the crater
shapes generated in fused silica and sapphire was
conditioned by the difference in dynamics of elec-
tron excitation and recombination channels charac-
teristic of these two materials™’. This presents an
approach to determine the ionization mechanism of
free electron generations during femtosecond laser
ablation.

4 Summaries and conclusions

Irradiated under a femtosecond pulse, the im-
pact area of a wide bandgap material is firstly trans-
formed into absorbing plasma with metallic proper-
ties and the subsequent laser-plasma interaction
causes the phase changes of bulk materials. The
major conclusions and unsolved problems regarding

energy transport during the phase change stages of
femtosecond laser ablation are summarized as fol-
lows:

1) Mechanisms of material removals by femto-
second laser remain controversial. The particular
mechanism strongly depends on material proper-
ties, laser fluence, pulse duration, wavelength,
and number of pulses. Incubation and electron
screening can significantly reduce the probability of
Coulomb explosion. However, it remains a chal-
lenge to clearly explain the transition from one
phase change mechanism to another and predict the
roles of the ablation mechanisms.

2) The ablation depth of the femtosecond laser
is governed by photon absorption depth and phase
change mechanisms. The calculations of femtosec-
onds laser ablation shape of dielectrics by Jiang et
al. have been based on free electron density distri-
bution without the actual consideration of the phase
changes. The models are based on the following
two assumptions: | ) threshold fluence can be con-
sidered as the minimal fluence that just creates the
critical density and i ) ablation depth can be con-
sidered to be the maximum depth at which the max-
imum free electron density is equal to the critical
density in a given processing window. In the limit
of negligible recast and phase change dominated by
non-thermal ablation, the plasma model is applica-
ble. However, at this time, the energy loss due to
electron escape and the electron-lattice coupling
factor cannot be precisely determined in a general
form for the dense plasma (with metallic proper-
ties) , which limits the application of the two-tem-
perature equation in femtosecond ablation. Also, if
recast occurs and multiple phase change mecha-
nisms coexist, the material removals mechanism
must be taken into consideration, which is still a
challenge.
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