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2. Abstract The new phenomena induced by femtosecond lasers lead to the new area of ultrafast science. It is a sig-

nificant challenge to explain the phenomena associated with complex non-equilibrium and non-linear processes. Al-

though there is a growing body of experimental observation, a comprehensive model remains undeveloped. We review

the challenges in understanding the photon absorption stage mainly for the femtosecond ablation of wide bandgap ma-

terials at the intensities of 10"® ~10' W/cm?. Major opinions and challenges in ionization mechanisms are presented

by primarily considering multiphoton ionization and avalanche ionization.
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1 Introduction

Femtosecond lasers open wide-range and excit
new possibilities in microfabrications of metals™~*,

polymerst®®), semiconductors™®, ultrahard mate-
rials®*, transparent materials'’*'**), and tis-
sues'*®* for automotive industry, pharmaceutical in-

dustry, process and automation technology., defense
industry, aerospace industry, information technolo-
gy, telecommunication technology, biotechnology,
medicine industry, measurement and microscopy.
environmental technology, etc!** %7,

Femtosecond pulse in some aspects fundamen-
tally changes the laser-material interaction mecha-
nism compared with a long pulse. A femtosecond la-
ser can easily achieve very high peak power, which
is powerful enough for full ionization of most solid
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material™ 2!, At such high intensities, seed free

electrons are mainly generated by photoionization
including multiphoton ionization and/or tunnel ioni-
zation®®!, which is independent on the initial states
of the target materials®~*7. Hence, femtosecond
laser ablation is much more deterministic and repro-
ducible than long-pulse laser one™**. Sub-diffrac-
tion structures can be achieved by choosing laser
fluence slightly above the ablation threshold™?*1.
Femtosecond laser-material interaction is highly
nonequilibrium™*~*"! . Electrons are excited up to a
few or tens of electron volts™* " corresponding to
tens of femtoseconds'™®’, while the subsequent en-
ergy transferring from electrons to ions is of pico-
second order-***). Hence, the ultrafast pulse ener-
gy is mainly deposited in a small layer in the pho-
ton-electron interaction process in one pulse dura-
tion"****J. Heat conduction and hydrodynamic mo-
tion are significantly decreased during the laser ir-
radiation. Thus, recast, thermal damage (microc-
racks) , and heat-affected-zone (HAZ) are greatly re-
duced. The ablation depth of the femtosecond laser is
typically on the order of 0. 01~1 um per pulse"*®’.
Hence, femtosecond laser ablation can be precise.
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The unique advantages of femtosecond lasers
make them to be a very promising tool for the fabri-
cation of wide bandgap materials that are difficult
for conventional methods. Femtosecond ablation of
wide bandgap materials is the main point of this pa-
per. This is an active area with very significant sci-
entific and engineering merits™'''?**%~*J Bandgap
is the energy difference between the top of the va-
lence band and the bottom of the conduction band.
There is no clear cutoff of bandgap to define the
wide bandgap materials. In this paper, wide-band
materials refer to materials with a bandgap greater
than 3 eV, including some semiconductors, for ex-
ample, ZnO (3.1 eV), SiC (3.0~3.25 V), GaN
(3.4 V), silicon nitride (3.9~4.1 eV), and all die-
lectrics, such as, diamond (5.46~6.4 V), AIN (6.2
eV), sodium chloride (7.5 eV), NaCl (8 eV),
quartz (9~10 eV), silicon dioxide (9 eV), and
sapphire (9.9 eV).

However, typical femtosecond laser ablation is
low throughput with high photon cost. which is not
suitable for typical industrial applications™’ . Fur-
ther, the underlying physical mechanism of femto-
second laser ablation remains controversial and
poorly understood™®*'~%!  Many approaches are
employed to study femtosecond laser pulse ablation
of wide bandgap materials. Most theoretical models
are spatially averaged™**~**1. The ionization dy-
namics is coupled to an equation for the absorbed
energy density derived by the Drude model. Multi-

ple rate equations can also be found in the litera-
ture™® =%’ Another popular approach is based on la-
ser propagation in the dielectric media by solving a
single equation for either the laser electric field or
vector potential in the retarded laser frame!®~%I,
This approach can calculate the laser electromag-
netic field in two dimensions, but it only considers
the electromagnetic wave traveling in the forward
direction and does not account for reflection from
the plasma. Kinetic models based on the Boltzmann
or Fokker-Planck equation such as those of Stuart
et al. are more complex with better accura-
cyH7-51-66~68] - Resently Jiang et al. proposed a
quantum multiscale model to understand ultrafast,
non-equilibrium laser-material interactions from nm
to mm and from fs to ps, as shown in Fig. 1%,
The model is being used to reveal the fundamental
science underlying ultrafast phase change mecha-
nisms, which include three main parts:; 1) under-
standing initial nonlinear laser radiation absorption
through photon-electron and electron-electron in-
teractions in a time scale from a few femtoseconds
to picoseconds; 2) revealing the physics and chem-
istry of plasma generation and phase change through
electron-ion interactions in a time scale from pico-
seconds to nanoseconds; and 3) investigating chem-
ically-reactive fluid flow and radiation of expanding
plasmas, and their interactions with environment
and bulk materials in a few nanoseconds to hundreds
of microseconds.
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Fig.1 Multiscale Modeling to understand the ultrafast, non-equilibrium laser-material interactions from
nm to mm and from fs to ps
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Recently there are some reviews on the femto-
second laser micro-/nano-fabrication and its applica-
tions with emphasis on the experiments® "1,
while this paper focuses on theoretical challenges in
understanding energy transport during femtosecond
laser ablation through photon-electron interactions
mainly for wide bandgap materials at the intensity
of 102 ~10" W/cm?. Avalanche ionization and mul-
tiphoton ionization are two major competing mecha-
nisms that are considered for free electron genera-
tions in this section. After the critical density is
created, the laser energy is absorbed mainly
through inverse Brehmstrahlung and resonance ab-
sorption in a similar way as free electrons do in
metals. Different views of the photon absorption
process are reviewed in the next section.

2 Femtosecond laser pulse energy absorption
The energy transport in femtosecond laser ab-
lation can be divided into two stages: 1) photon en-
ergy absorption by electrons, and 2) absorbed ener-
gy redistribution to lattice leading to material re-
M8] This stage separation is based on the as-
sumption that photon-electron interaction completes
in such a short time that the lattice temperature re-
mains unchanged during the absorption of femtosec-
ond pulse. This section reviews the absorption of
laser energy through ionization and free electron
heating.
2.1 Basic concepts in absorption of femtosecond
laser energy

Linear photon absorption obeys the Beer-Lam-
bert Law. Nonlinear absorption is significant at
high electric fields and femtosecond pulse makes it
easy to achieve high intensities. In femtosecond ab-
lation, impact ionization (mainly avalanche ioniza-
tion) and photoionization ( multiphoton ionization
and/or tunnel ionization) are major competing
mechanisms for free electron generation"'*"*).

As shown in Fig. 2, if the kinetic energy of a
free electron becomes sufficiently high by absorbing
photons, part of the energy may transfer to a bound
electron by collisions to overcome the ionization po-
tential'™ and produce two free electrons, which is
called (collisional ) impact ionization*”". Conse-
quently, the free electrons absorb photons and pro-
duce one more free electron from the bound elec-
trons. Such a series of the impact ionization process
is called avalanche ionization"®’, where free elec-
tron density exponentially increases. Avalanche i-
onization strongly depends on free electron density
and is sometimes assumed as linearly proportional to

movals

laser intensity™® . Its efficiency is determined by
competitions between energy gain through inverse
Bremsstrahlung and energy loss through phonon e-

mission.
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Fig.2 Avalanche ionization consists of a series of
impact ionizations

As shown in Fig. 3, in multiphoton ioniza-
tion-" , several ( N) photons with the energy of hy
at the wavelength of A “simultaneously” strike a
bound electron acting like a photon of Nhy at the
wavelength of A/N due to very high photon flux
(typically>10* ¢cm * » s°!) of femtosecond lasers,
i.e.. a bound electron is freed from the valence
band by absorbing several photons when the total
energy of the absorbed photons is greater than the
ionization potential ®**-*’. This absorption process is
actually achieved through metastable quantum
state(s). N-photon ionization is an Nth order
process, and thus the cross section is very small at
low intensities (<10 W/cm?). Hence, only if la-
ser intensity (photon flux) is very high, multipho-
ton ionization can be significant. When the laser in-
tensities are below 10" W/cm?®, avalanche ioniza-
tion is responsible for the ablation of wide bandgap
materials and multiphoton ionization becomes sig-
nificantly strong at higher intensities ( typically
>10" W/cm*)"™ " However, when intensities
are higher than 10" W/cm?, tunnel ionization be-
comes significant™®°1*! . Actually, tunnel ioniza-
tion or multiphoton ionization depends strongly on
the value of the parameter y, which is introduced
by Keldysh™"!. The parameter is the ratio between
the frequency of laser light w and the frequency w
of electron tunneling through a potential barrier as
following

/[ ° \£ I/’_\\\

] h .

photons NS free \ 7
o electron N

P

Fig.3 Multiphoton ionization
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where I, = " me'/l* is the ionization potential of
the atomic level, ¢ is the amplitude of the electric
wave field, F = ¢/«’e, is the reduced field. and
K, =1,/ is the minimal number of photons re-
quired for ionization. Further, as a rule, atomic
units 1 = m = e =1 are used, where m is the elec-
tron mass. Tunnel ionization takes place when
y<<1, while for y>1 the ionization is a multiphoton
process. Tunnel ionization and multiphoton ioniza-
tion belong to photoionization and sometimes they
are called strong-electric-field ionizationst7-7°-%!1,
Photoinization under femtosecond irradiation leads
to metallic properties even for wide bandgap mate-
rials. Defects and impurities play a negligible
role™®.

Laser ablation of a wide bandgap material is
sometimes called laser-induced breakdown in which
the material is firstly transformed into absorbing
plasma with metallic properties and subsequent la-
ser-plasma interaction causes the phase changes of
bulk materials™"**:34)  Buildup of free electrons is
necessary to initialize the ablation. Free electron
density is assumed to saturate at critical density, at
which ablation occurst®-" . For femtosecond la-
sers, critical density is selected as the free electron
density at which plasma oscillation frequency equals
to the laser frequency. Jiang et al.™ modified a
plasma free electron model for metals and doped
semiconductors to investigate highly ionized wide
bandgap material because of the high density free e-
lectron generated by a femtosecond pulse. This
model determines critical density by
, (2)

S A7t e,
. &Nt
where m, is the electron mass, ¢ is the speed of
light in vacuum, e is the electron charge, ¢, is the
electric permittivity of free space, and A is the laser
wavelength. n. is about 0. 986 X 10*' c¢cm ® for
1064-nm wavelength. Similarly, Ref. [ 76 ] expres-
ses the same equation as Eq. (2) in electrostatic u-
nit (esu) as following
m,.c”

e = (3)
At critical density, transparent wide bandgap mate-
rials become totally opaque. A large percentage of
absorbed energy is deposited in a very thin layer
under strong intensity within a short time, which
leads to the ablation of thin layer. The important
role of critical density can be better understood by

considering its impacts on optical properties of the

ionized area. However, the selection of critical
density using Eq. (2) is just a rough estimation.
The relationship between the critical density and
the pulsewidth should be clarified through analyzing
the ionization mechanism, which remains a chal-
lenge.
2.2 Relative roles of avalanche ionization to
multiphoton ionization

2.2.1 Multiphoton impact ionization

In femtosecond laser ablation of wide bandgap
materials, the roles of multiphoton ionization and
avalanche ionization in free electron generations are
still controversial-¥"-2*8:51=53.78:83] = The early re-
search on laser ablation of wide bandgap materials
commonly assumed that avalanche ionization is re-
sponsible for the ablation™”:3~%"). Recently, some
researchers believe that multiphoton ionization supplies
seed electrons while avalanche ionization is still respon-
sible for femtosecond ablation?:3¢-46-66:72:83.88.89] * Pappy
et al. named this process multiphoton impact ioni-
771 This opinion is in accord with the experi-
ments of Du et al.[J on the ablation of fused silica

zation

using 150-fs~7-ns, 780-nm laser with the simpli-
fied analysis using the equation of Bloembergen*'.

Another evidence of multiphoton impact ioniza-
tion is the experiments of Pronko et al. on the ah-
lation of silicon using 80-fs~9-ns, 786-nm~1. 06-
pm lasers™ . Their experiments show that the
threshold of 1064 nm is always below that of 786
nm. Pronko et al. concluded that avalanche ioniza-
tion still dominated the ablation**®’, because in near
IR range, longer wavelength radiation was more ef-
fective in producing avalanche ionization™’. How-
ever, the wavelength dependence of the femtosec-
ond ablation threshold is controversialt!!:32:52:72:84.901

Recently. Jia et al. studied the time-resolved
electronic excitation using a pump and probe system
and found that the reflectivity increased rapidly in
the latter half of the pump pulse duration, which
supported that impact ionization played an impor-
tant role in the generation of conduction band elec-
trons'**'. Xu et al. obtained the similar result that
avalanche ionization played the dominant role in the
femtosecond laser-induced breakdown in MgO near
the damage threshold™’. Sun et al. in the same
group concluded that both multiphoton ionization
and avalanche ionization played important roles in
the femtosecond laser-induced damage in MgF,!.
Rethfeld et al. also studied the role of impact ioni-
zation as compared to multiphoton ionization by
modeling and concluded that the contribution of im-
pact ionization depended on the product of intensity
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and duration of the laser pulse, thus on the laser
fluence™®”. Petrov et al. believe that some re-
searchers overestimates their photoionization rate
by a factor of ~ 20~ 100 for intensities between
1xX10"® W/cm? and 1x10" W/cm?, which favors
photoionization as the dominant mechanism™.
They concluded that the dominant process for elec-
tron multiplication depended only on the laser flu-
ence F. For F<0.4 J/cm?, the cumulative optical
field ionization rate exceeds the impact ionization
rate, while for F>0.4 J/cm?®, the impact ioniza-
tion is the dominant ionization mechanism. Since
for laser pulse duration exceeding 20 fs, the thresh-
old for dielectric damage of SiO, is at least F, >
1.5 J/cm?™’, the primary cause for typical dielec-
tric damage is an electron avalanche due to the im-
pact ionization.

Perry, Stuart, and their colleagues developed
theories for multiphoton impact ionization based on
the kinetic equation and experiments on the ablation
of dielectrics at 1053 nm, 852 nm, and 526 nm at
the pulsewidth of 100 fs~1 ns® %7 1In their the-
ory, the free electron density distribution, 7.(e, %), is
described by the Fokker-Plank equation as follow-

ing"®

E;l[RJ (e:0n.(ert) — 7()E,n. (ent) —
€

D(Sal) - S(Saf), (4)

an,(e,t) }Jr In, (e t)
dt
where ¢ is the electron kinetic energy, t is time,
R;(e, t) is the heating rate of electrons, y(e) is the
rate of electron-phonon energy transfer to the lattice,
E, is the energy of the typical phonon, D(e,t) is the
diffusion coefficient, and S (e, t) is the source and
sinks of electrons. The terms within the square bracket
of Eq. (4) represent the electron distribution change
because of Joule heating R;(e,t)n.(e, 1), the inelastic
scattering of phonon y(e) i, n.(e, t), and electron en-

de

J . .
ergy diffusion D (e, t)%. The heating rate of e-
lectrons is taken as
Rie.) = L2 B ). (5)

where E(¢) is the electric field, and §(e) is the ac
conductivity of an electron described by
ez, (e)

ote) = m' [1+ o’ ()]’
where 1/7,, is the energy-dependent and electron-
phonon transport scattering rate, m * is the effec-
tive mass of an electron that is about the rest mass
of an electron, and « is the laser frequency. The
diffusion coefficient is given by

D(e,t) = 2eR;(e,1). 7D

(6)

The term on the right of Eq. (4), S (e, t), the
source and sinks of electrons, includes the impact
ionization term S;,, (e, t) and photoionization term
Sulest).

S(est) = Sipest) + Suest) =

A4n.(2e + Up,t)v;(2e + Up) —

ne(es t)vie) + Sulest), (8)
where Uy is the ionization potential, and y; (e) is
the impact ionization rate described by the Keldysh
impact formula as following"*-

2

VI(S):X(ULPI71> , (9
with y being a proportionality constant. The source
term of impact ionization™! %7771 and that of
photoionization"™™** in Eq. (8), have been exten-
sively studied.

If energy deposited into electrons is much more
than that to lattice during the pulse, a widely ac-
cepted simplified model is derived from Eqgs. (4) ~
(9) and described by-*

LD p(Dnc() + PAD (10)
where B(I) is the impact ionization term, and P(I)
is the photoionization term. The loss term because
of electron diffusion and recombination is neglected
in Eq. (10).

One of the major issues of this model is how to
estimate impact ionization rate and photoionization
rate. Stuart et al.!® assumed that 1) as soon as
the kinetic energy of an electron reached the criti-
cal energy, it produced another electron by impact
ionization and both electrons became zero Kkinetic
energy. which was so-called “flux-doubling” condi-
tion, and 2) the shape of electron distribution re-
mained unchanged during the avalanche ionization.
Under the two assumptions, at high laser intensi-
ties, avalanche rate can be assumed linearly propor-
tional to laser intensity as following

B=al(t), an
where ¢; is a constant. In the case that the bandgap of
the material is not too much greater than the photon en-
ergy and there is no intermediate resonance, the photo-
ionization rate can be expressed as "’

P(D = oy (%)\N (12)

where Sy is the cross section of N-photon ionization
with a unit of cm?*¥sV ™! that depends on the location
of all other electrical states of the system, and N, is
the solid atom density. Equation (12) does not con-
sider tunnel ionization.

The result of Eq. (10) has been proven effec-
tively by comparing its results with the numerical
solution of Eq. (4)™*1. Figure 4 shows that the ava-
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lanche ionization is mainly responsible for the abla-
tion, while multiphoton ionization just supplies seed
free electrons in the ablation of fused silica by a
100-fs, 1053-nm pulse at 10" W/cm?*". Note that
the axis of electron density is logarithmic.
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Fig.4 Calculated free electron density for the ablation of
fused silica using a 100-fs, 1053-nm pulse at
101 W/cm? 7

As shown in Fig. 5, the threshold predictions
based on the flux-doubling model are in agreements
with the experiments conducted by the same
group”® . The methodology used to estimate the
threshold is detailed in section 2.4. Although
Perry’s group assumed that multiphoton impacted i-
onization in their calculations®*7®"", and the re-
sults demonstrated that at a pulsewidth shorter than
100-fs, the predicted threshold approached the pre-
diction by multiphoton ionization alone represented
by the dashed lines in Fig.5. In this sense, the free
electron generation dominated by multiphoton ioni-
zation can be considered as a specific case of the ab-
lation by multiphoton impact ionization, where mul-
tiphoton ionization is so strong that the critical den-
sity is created before that avalanche ionization sig-
nificantly initializes.

However, the model of Stuart et al.™" fails to

h T 7 ! "
30 multiphoton /'

o~ ionization _ ,* 1053-nm
g (10%15“&11) %' fused silica
% 10 F r' E
< o
g thermal
£ [ K diffusion 72
é 31 780 nm /
-
oD
<
5 1k 526-nm fused E
A E silica

{ 1 '} '}

0.3
102 10'  10° 10! 10? 10°
Pulse duration /(1012 s)

Fig.5 Ablation threshold of fused silica at different pulse
widths' "

explain the increase in threshold fluence with the
decrease of pulse width (<1 ps)'™'. Also. the
model fails to interpret the incubations effects on
ablation threshold of dielectrics as a function of the
delay between dual beams™ . Li et al. added a
decay term into the model to fit their experiment
results as following™*!

dn.

dr
where 7 is the decay time constant. However, this
improvement was challenged by Petite et al.!.
They explained the fast decay was a consequence of
the self-trapping., which disagreed with the assump-
tion that seed electrons left by the first pulse con-
tributed the avalanche ionization in the second
beam.
2.2.2 Thornber’s model for avalanche rate and

Keldysh’s model for photoionization rate

As mentioned before, simplified methods of

Egs. (11) and (12) for avalanche rate and photoion-
ization rate are valid for limited conditions.
Thornber’s model and Keldysh’s theory can calcu-
late the avalanche rate and photoionization rate, re-
spectively, which is valid for many cases'’.
Thornber’s model does not need the assumption of
the linear proportionality between laser intensity

N
— @ I(Dn. + by (hiw) N a3

T

and avalanche rate described by ™"
eE E
E) = Dse [_ 1 ]’
P = T B /B ) + B

(14)
where v, is the saturation drift velocity (~ 2 X
10" ¢cm/s), E, is the bandgap energy, and E;,
E o » and E\x = E kT / E, are the fields for carri-
ers to overcome the decelerating effects of ioniza-
tion scattering, optical phonon scattering, and
thermal scattering in one mean free path, respec-
tively.

Keldysh’s theory® can be used to calculate
the photoionization rate as a function of the laser
electric field with the consideration of tunnel ioni-
zation as following™™*

Zw wm 3/2
P(E) = =—=| —F— W
(E) 9n(mk) Qs X
o . Ki(yD) —E, (D)
exp{ w(x+ 1) ACS) ., (15)

where w is laser frequency, and m is the reduced
mass described by

m.my,
m, +my’

where m, is the mass of electron and m, is the mass

(16)

m —

of the hole. In Eq. (15), y is Keldysh’s parameter
in a solid,
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where K,, E, are the complete elliptic integral of
the first kind. and second kind respectively, {(z) is
the integer part of the number of z and

P(z) = Jexp(y2 —2%) dy. 2D

However, the prediztion of Keldysh’s model for
multiphoton ionization is substantially higher than
the measurements by Lenzner ez al. ™ on the abla-
tion of dielectrics using 5-ps ~ 5-fs and 780-nm
lasers.
2.2.3 Probability form for ionization rates

To make the relative friction of avalanche ioni-
zation to multiphoton ionization clearer, Gamaly et

al . express the free electron density as
dn.
 ~ Bre Tt PN (22)

where N, is the solid atom density, B is the time
dependent probability of impact ionization, and P,
= P/N,, is the time dependent of probability of

multiphoton ionization"**"*"**! . Gamaly et al."* es-
timate B and P, by
Eose sz Veif )
= — 5 | » (23)
‘8 Up <w2 + v
N
) — 3/2 sosc
pmpl CUN (ZUPI ) ’ (24)

where e is the electron quiver (oscillation) energy
in the laser field, N is the minimum number of pho-
tons needed to overcome the bandgap in multipho-
ton ionization, and v 1s the effective collision fre-
quency. Egs. (23) and (24) show that the relative
role of avalanche ionization to multiphoton ioniza-
tion significantly depends on the electron quiver en-
ergy and ionization potential. If e, > Up, mul-
tiphoton ionization dominates the process. Oscilla-
tion energy, en» in the unit of eV, is expressed in
a scaling form as®*

Cose :9.3(1+aﬁol>lo%)ﬁ, (25)
where a,, is the coefficient for the beam polarization

(for the circular, a,q =1, and for the linear polari-
zation, ayy =0), I is in the unit of W/cm?*, and A is
in the unit of pm.

If laser intensity is greater than 10" W/cm?, it
is obvious that e, > Up; and multiphoton ionization
dominates ablation process for most materials. For
instance, silicon ablated by 1064-nm and 100-fs
pulse at 2 X 10" W/cm?, avalanche ionization is re-
sponsible for the ablation, while at 10" W/cm?,
multiphoton ionization dominates the processt®.
The predication of Gamaly et al.™ is supported by
the recent experiments on imaging femtosecond la-
ser-induced electronic excitation in glass by Mao et
al.'™ , They measured the evolution of laser-in-
duced electronic plasma by a femtosecond time-re-
solved imaging technique at the intensity range of
5x10%~10" W/cm?.

2.2.4 Ablation dominated by multiphoton ionization

Some researchers™’***1 discovered that mul-
tiphoton ionization actually dominated absorption at
the laser intensities on the order of 10 W/cm?.
Using a frequency-domain interferometry to meas-
ure the relative phase of the reference and probe
beams, Quéré et al. discovered no sign of ava-
lanche ionization in the ablation of SiO, (9.0 eV),
Al O3 (8.8 €V), and MgO (7.65 eV), by a 790-nm,
60-fs laser™™. They concluded that multiphoton
ionization dominated in femtosecond laser ablation
of dielectrics. Using the time dependent Boltzman
equation, Kaiser et al.™ demonstrated that at a
laser electric field of 150 MV/cm, avalanche ioniza-
tion was of minor importance for laser pulsewidths
below 100 fs and only at pulsewidths above 200 fs
avalanche ionization became as important as mul-
tiphoton ionization, as shown in Fig.6.

2.3 Electron heating

At intensities above 10" W/cm?, it takes just a
few femtoseconds to reach the critical electron den-
sity by ionizations under femtosecond pulse® . Af-
ter the critical density is created, the laser energy
is absorbed mainly through inverse Brehmstrahlung
and resonance absorption mechanism!:100-101:102] jp 5
similar way as free electrons do in metals. The re-
fractive index can be calculated by**

—1

r= “’1)8(1+“’—;> : (26)

2w Wpe
where w,. is electron plasma frequency. The ab-
sorption coefficient can be estimated by Fresnel for-

mula as following™**

4r
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Fig.6 Time dependent of free electron contribution by avalanche ionization (impact ionization presented as imp.) and photoi-
onization (strong-electric-field ionization presented as sefi.) at 150 MV/cm with different pulsewidths. (a) 25 fs;
(b) 50 fs; (¢) 100 fs; (d) 200 fsH™

During femtosecond pulse duration, electrons have
no time to transfer energy to ions or out of the bulk
material. Most of the pulse energy is firstly deposi-
ted into electrons in a small depth by the laser elec-
tric field. The laser electric field can be found as a
solution to the Maxell equation coupled to the mate-
rial equation. The solution is straightforward when
the material parameters are constants in time and
space and independent on the incident intensity. In
this case, the interaction falls into the framework
of well-known skin effects. The skin layer can be
estimated by

ol 1
Z\NQZU<1+ r +2r2>. (28)

Electron conduction time ¢, can be calculated

byuoq
_ &3t
K Lo’
where « is the coefficient of thermal diffusion, and
l. and v. are electron free mean paths and velocity,
respectively. The energy conservation of the elec-
tron energy in the process is described as'*>
aT.  aQ
ce(Tn. i dz’

where ¢, is the specific heat of free electrons, and

Z‘h (29)

(30)

Q is the absorbed energy flux in the skin layer de-
scribed by

Q= aIexp(*%),
with « being the absorption coefficient. The solu-
tion to the Eq. (30) is simple under the assumptions
of that free electron density %., absorption coeffi-
cient ¢, and skin layer [, are all time independent.
However, all the three quantities are actually the
functions of the laser intensity and time, which re-
duces the effectiveness of the skin-layer model.
Furthermore, free electrons are not in equilibrium
states, which has been demonstrated by experi-
ments™ 17 Rethfeld et al.™! investigated the
non-equilibrium dynamics of the electrons in femto-
second laser ablation of metals using a full Boltz-
mann collision integral free of phenomenological pa-
rameters. They found that the laser energy absorp-
tion was well described by a plasma-like absorption
term after the critical density was created. In a
quantum plasma model, Jiang et al." considered
the time and space dependent optical properties of
highly ionized area in wide bandgap materials that
turned out to be very critical for the ablation.

3D

3 Conclusions

The new phenomena induced by femtosecond
lasers lead to the new area of ultrafast science. It is
a significant challenge to explain the phenomena as-
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sociated with complex non-equilibrium and non-line-
ar processes. This paper reviews recent develop-
ments of theoretical challenges in energy absorption
stage during the femtosecond ablation of wide
bandgap materials at the intensities of 10" ~ 10"
W/cm?. After the critical density is created, the la-
ser energy is ahsorbed mainly through inverse Bre-
hmstrahlung and the resonance absorption mecha-
nism. Free electron density, reflectivity, absorp-
tion coefficient, and skin layer length are all time,
space, and intensity dependent. These facts make
the skin-effect model inapplicable to describe the e-
lectron heating process. An integrated multiscale
physico-chemical modeling should be established to
understand the ultrafast, non-equilibrium laser-die-
lectrics interactions from nanometer to milimeter
and from femtosecond to microsecond.
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