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Chapter

[Laser-Matter Interaction in the
Bulk of Semiconductor and
Dielectric

Hong Liu and Chunlan Ma

Abstract

The research in the field of laser-induced materials processing is evolving
continuously with new inventions in laser technology. This chapter mainly discusses
the relevant physical mechanisms of laser ablation based on laser-matter interaction.
Femtosecond laser excitation provides suitable conditions for studying the basic pro-
cesses in irradiated materials, as compared to the duration of these processes, femto-
second laser pulses are sufficiently short. In the process of laser action on the matter,
the thermal mechanism, charge carrier removal, thermal and structural effects, and
other processes are extremely complex. The ultrashort laser pulse instantly puts the
material in a strong nonequilibrium state characterized by hot electrons and cold ions.
After the pulse ends, the electron transfers its energy to the ion through electron
phonon coupling in sub-picoseconds. This heats up the phonon bath before the slow
thermal effect can reconstruct the material. The electron effect plays an important and
possibly dominant role in the laser ablation of nonmetallic solid surfaces. This review
first describes the mechanism of laser-matter interaction from the perspective of
energy, summarizes the electronic excitation and energy relaxation paths of light on
semiconductors and dielectric materials, focuses on the electronic excitation and
relaxation mechanisms in laser-induced ionization, desorption, and ablation, and
finally analyzes the above-mentioned related processes from the perspective of
material structure relaxation.

Keywords: laser-matter interaction, ionization, desorption, ablation, electronic
excitation, energy relaxation

1. Introduction

Laser ablation (i.e., laser machining (LM)) as a noncontact, wear-free machining
process is a promising method to machine difficult-to-cut materials, such as silicon
nitride, silicon carbide, aluminum oxide, and boron nitride.

Surface ablation based on high power ultrashort pulse laser plays an increasingly
important role in material processing and device preparation technology [1-3]. Clas-
sically, the interaction between laser and matter is described by the Beer Lambert law,
which states that the transmittance of monochromatic light passing through a material
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sample decreases exponentially with the length of the optical path, regardless of the
incident intensity. This corresponds to a linear light absorption process, as is com-
monly assumed for nanosecond laser pulses [4]. Electronic defects are generated by
initial laser irradiation, changes in absorption characteristics, and laser energy depo-
sition of photons in the middle and later stages of a given or subsequent laser pulse.
The ablation plume generated by laser action effectively shields the sample from the
influence of laser [5-8], and the plume can keep transparent to the laser at low flux
because any free electrons will recombine with ions before being accelerated to ioni-
zation energy, which is easy to be absorbed by free electrons in the plume so that they
can quickly heat and then ionize the current neutral substance. When the ionization
rate exceeds the recombination rate of free electrons and ions, the number of ionized
neutral substances doubles. Laser plasma interactions are no longer characterized by
classical light absorption, as various nonlinear effects, such as direct collision and
field-induced ionization and dissociation reactions, as well as reverse bremsstrahlung
[4, 8-10] have emerged. The plume can be transparent to the laser at low flux because
any free electron will recombine with the ion before being accelerated to ionization
energy. Scholars have established dual temperature models and multi-plasma coupling
models for the physical mechanisms of the interaction between laser and matter
mentioned above. But there are still many controversies. The above processes can lead
to photothermal effects (injection, ionization, vibration heating, melt discharge,
evaporation, and plasma formation) and photochemical (bond breaking and genera-
tion of new components) processes, which are used for various laser processing and
coherent structure preparation [11].

Based on the electronic process of nanosecond and shorter pulse laser ablation in
pure semiconductors and dielectric materials, this chapter constructs the dynamics
and dynamics images of laser-induced desorption and ablation of nonmetallic crystal
surface, expounds the physical mechanism of laser solid interaction, and then gives
the physical process that causes the change of bonding state, particle emission, and
final ablation. After providing the ionization, desorption, and ablation mechanisms of
laser on dielectric and semiconductor surfaces, we construct ionization, desorption,
and ablation models under the irradiation limit of strong and weak laser pulses on
solid materials, and qualitatively analyze the dynamic mechanism of material struc-
ture relaxation under the action of pulsed laser. Finally, a brief summary of the
content of this chapter was provided.

2. The physical mechanism of the laser-matter interaction on the different
pulsed laser intensity (low and high)

2.1 Basic principle of laser-matter interaction

Bill Lambert’s law gives a macroscopic description of the interaction between laser
and material and points out that the transmittance of monochromatic light passing
through the material sample decreases exponentially with the length of the optical
path, and is independent of the incident intensity, which is a linear optical absorption
process [4]. However, in the high flux region at a sufficiently long wavelength, this
approximation becomes ineffective, where the ablation plume formed effectively
protects the sample from the laser [5-7].

The absorption mechanism of laser varies greatly among different materials. For
metal nanoparticles, optical absorption is attributed to the collective oscillation of
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conduction band electrons in the laser field [12-15]. Due to the transient net charge on
the particle surface during the oscillation process, a surface plasma is formed. The
surface plasmon absorption band depends on the size and shape of the nanostructure
(see Figure 1) [12, 14-16]. Irregular nanostructures, such as nanocubes and
nanoprisms, can generate wider peaks over a wide wavelength range [13, 15, 16]. For
heavily doped semiconductors, optical absorption is based on a similar principle of
conduction band electron oscillation, while additional absorption is formed due to the
excitation of optical phonons, interband transitions, and the dielectric background of
polarization generated by all high-frequency excited tails in the material [17]. For pure
semiconductors and dielectric materials, the interaction process between pulsed laser
and materials is as follows. When irradiated by low-intensity and long-wavelength
lasers, the material has little absorption of laser radiation, which will not be discussed
here. If the intensity of the incident laser reaches the ablation threshold or the ultra-
short wavelength laser acts on the material so that the material can absorb enough
energy, the laser will damage the material. Research shows that the production of
high-density plasma is the main reason for the damage of high-purity semiconductor
and electrolyte materials. The ultrashort pulse laser causes the plasma structure of
extremely high density (108 — 102%cm3) free electrons in the dielectric material,
simultaneously accompanied by a large number of ionization phenomena.

2.2 Influence of pulse laser parameters on laser-matter interaction

Laser wavelength(1), the average pulse laser intensity (I;,) [18] and pulse duration
(tpuiee) are several main parameters that affect the interaction mechanism between
laser and material. For lasers with different pulse durations, the mechanisms leading
to energy absorption and target ablation are completely different (Figure 2). Research
shows that if the duration of the laser pulse on the metal workpiece is shorter, the
quality of laser ablation will be improved [20, 21].

Thermal diffusion and direct interaction between laser and material can ablate the
material. Due to the fact that thermal energy can diffuse in any direction of the
material, related erosion can also occur in any direction. Laser ablation is mainly based

Continous laser Short pulse laser Ultrashort pulse laser

I I
Molten material Thermal schocks Laser cut

Figure 1.
Laser-material interaction in continuous, short pulse (nanosecond) and ultrashort pulse laser. Reproduced from

ref. [19].
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Figure 2.
Effect of laser input energy density per material removal vate. a, 1 vS. E_ippus and Qpvs. EL_inpus. Reproduced

from vef. [19].

on the direct interaction between the laser beam and the surface rather than the
thermal diffusion in the material volume. Therefore, material ablation is mainly
conducted in the direction of laser radiation. The energy distribution of the laser beam
satisfies the Gaussian distribution model, with approximately 90% of the laser beam
energy concentrated at the center of the laser beam (in spots with radii less than 30%
of the laser spot radius) [22]. Reduce laser input energy density E; ;. by increasing
laser scanning speed can modulate the laser cutting depth at the cutting center, rather
than the boundary of the irradiation area, to form a V-shaped laser cutting. In addi-
tion, laser ablation depth a,_;, for laser input energy density E}_j,,,, changes in a
sensitive response compared to other cutting sizes. The correlation between laser
input energy density Ef ., laser ablation depth a, | and material removal rate Q'L
is shown in Figure 3. The relevant analytical relationship is shown in Eq. (1):

Ep_;
o1 — Bln (T)

(1)

In Eq. (1), A and B are constant values. Due to ablation depth a,_;, should always
be zero or positive, the minimum value of laser input energy density Ef ;.. should be
equal to a. If Ef_jupus = A, thena,_ = 0.0 pm. The values of A and B vary with the
average pulse intensity I;, changes.

Eq. (1) is similar to the blow-off model for laser ablation, which assumes that
exceeding characteristic threshold laser energy causes the ablation process. In this
model, depth of ablation is given by the following equation [23]:

EL—input)
Ae—1, = yln <4
! Ey,

(2)
a._1: Laser ablation depth

E,,: Laser energy threshold

y: Constant value.
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Figure 3.

Typical Jablonski diagram shows possible radiative and nonradiative transitions S, is the singlet ground state of the
molecule, S, is the first excited singlet, S,, is the nth excited singlet, T, is the first excited triplet, and T, the nth
excited triplet.

The constants A and B in Eq. (1) depend on the inherent characteristics of the laser
(such as wavelength A and I} ) and material characteristics. In the blowing model, the
decrease in I, leads to the increase in threshold laser energy E,;, and laser ablation
depth and the decrease in ablation efficiency of each laser pulse [24]. The efficiency of
laser ablation can be quantified by the process parameters, such as the specific abla-
tion energy (ey,), as the laser energy required to ablate a unit volume of material. The
lower the specific ablation energy ey, the higher the laser ablation efficiency.

Based on nanosecond laser ablation, the interaction between laser and material is
based on the thermal mechanism. From a thermodynamic perspective, material ero-
sion is mainly due to the melting and evaporation of the irradiated material. The key
ablation factor in the thermal process is the material’s gasification process. During this
process, if the energy absorbed by the molten or solid material is insufficient to
evaporate, it only leads to heating and thermal damage to the irradiated surface. The
consumption of laser energy in deep laser cutting leads to the decrease of I}, and
results in an increase in material melting and thermal damage, rather than material
evaporation.

Above, we have made a qualitative analysis and description of the interaction
between laser and matter from the energy perspective. The underlying physical
mechanism of laser-material interaction will be described and analyzed in the
following sections.

3. Interaction of photons with semiconductor and dielectric

The mechanism that laser acts on the surface of semiconductor or dielectric mate-
rials to cause changes in the electronic state inside the materials can be explained by
Jablonski diagram.
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Figure 1 is a typical Jablonski diagram of the evolution process of state change and
energy transfer of materials after light irradiation.

In the Jablonski diagram, several different pathways show how electrons receive
and then dissipate the energy of photons from specific wavelengths. Therefore, most
graphs begin with the electronic state of the ground state and then return to the
ground state. The initial energy comes from the absorption of light interacting with
matter, that is, the blue straight arrow in the figure. The absorbed energy will cause
electrons to transition from the ground state to the excited state of a higher energy
level. We focus on the physical connotation of absorption, vibrational relaxation and
internal conversion, intersystem crossing, and timescale. The specific descriptions of
the above cases are as follows:

3.1 Absorption

Absorption belongs to radiation transition because in this process, the molecule
absorbs photons before it transitions from the lower electron level to the higher
electron level. The energy of photons is converted into the internal energy of mole-
cules. Absorption is the fastest transition in the Jablonski diagram, which occurs on
the timescale of femtoseconds. At room temperature, based on the Boltzmann distri-
bution, most molecules in the group will be in the lowest vibrational energy level of
the ground state, and the absorption of photons will raise the molecule from Sy to one
of the vibrational energy levels of the single excited state (S1, S, ... ). Restricted by the
conservation of angular momentum, the molecule cannot be directly excited to the
triplet state excited state (T'1, T, ...).

3.2 Vibration relaxation and internal conversion

After being excited, electrons cannot be stably maintained in the excited state, but
tend to return to the more stable ground state, which must be accompanied by energy
dissipation. The first is through vibrational relaxation, a nonradiative process. This is
represented on the Jablonski diagram as a curved arrow between the vibration levels.
Vibrational relaxation is when the energy transferred from photons to electrons is fed
into other vibrational energy levels as kinetic energy. This kinetic energy may remain
in the same molecule or may be transferred to other molecules around the excited
molecule. This process is also very fast, between and picoseconds. Since this is a very
fast transition, and this relaxation occurs between the vibrational energy levels, usu-
ally electrons do not change from one electron level to another by this method.

However, if the vibrational energy level and the electronic energy level overlap
severely, the excited electrons may transition from the vibrational energy level in one
electronic state to another vibrational energy level in a lower electronic state. This
process is called internal conversion and is similar in mechanism to vibrational relax-
ation. It is also represented on the Jablonski diagram as a curve between two vibration
levels in different electronic states. The internal conversion occurs due to the overlap
of the vibrational energy level and the electronic energy level state. This overlap
increases the probability of electron transition between vibrational levels, which will
reduce the electron energy level. Therefore, internal conversion and vibrational
relaxation occur in the same time range, which is a way for molecules to dissipate
energy from light excitation. However, due to the lack of vibration and the overlap of
electronic energy states and the large energy difference between the ground state and
the first excited state, the internal conversion of electrons back to the ground state is
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very slow. This slow return to the ground state causes other transfer processes to
compete with the internal conversion in the first excited state. Both vibrational
relaxation and internal conversion occur in most excitations, but rarely in the final
conversion.

3.3 Intersystem crossing

Another way for molecules to absorb energy is through cross-mediation between
systems. Based on the characteristics of electron spin multiplicity, we can relax from
the excited singlet state to the excited triplet state. This is the slowest state transition
process in the Jablonski diagram, several orders of magnitude slower than fluores-
cence. According to the transition selection rule, this slow transition was originally a
prohibited transition. Based on the coupling of vibration factors and selection rules,
transitions become weaker and can compete with the timescale of fluorescence. The
crossover between systems results in different paths for returning the ground state
electronic state. The direct transition is phosphorescence, which corresponds to the
radiative transition from the excited triplet state to the singlet ground state. This is
also a very slow and prohibited transition. Another possibility is to delay fluorescence
and return to the first excited singlet state, causing the emission to change to the
ground state electronic state.

Most molecules go from the excited state to the ground state through other
nonradiative transition paths, so they do not exhibit fluorescence or phosphorescence
behavior. On the one hand, they can transfer energy between molecules through
molecular collisions or external transformations. On the other hand, energy is trans-
ferred between molecules through quenching, based on the overlap of absorption and
fluorescence spectra. These pathways are all nonradiative processes, and when mole-
cules relax to the ground state, they compete with fluorescence processes.

3.4 Timescale

The Jablonski diagram shows the types of transitions that may occur in specific
molecules. The probability of each transition occurring depends on the timescale of
the corresponding process, and the faster the process, the greater the probability of
occurrence, based on the selection rules and their relaxation. Table 1 lists the average
timescales of basic radiative and nonradiative processes.

Transition Timescale Radiative process?
Internal Conversion 10 1077 No
Vibrational Relaxation 107107 No
Absorption 10 s Yes
Phosphorescence 107°-10s Yes
Intersystem Crossing 10 1°-10"% s No
Fluorescence 1071°-10""s Yes
Table 1.

Average timescales for radiative and nonradiative processes.
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It can be seen from the data in Table 1 that almost all nonradiative energy transfer
of excited electrons is completed in the nanosecond time range. This is the basis for
the subsequent analysis of laser-material interaction.

4, Electronic mechanisms of semiconductor and insulator in ionization,
desorption, and ablation induced by laser

4.1 Absorption and energy relaxation

In semiconductors and insulators, electron-hole pairs generated by photon
absorption relax, forming localized and excited electron and vibration states. The
electronic energy absorbed by photons is converted into nuclear motion and finally
into desorption, which depends on the characteristics of the electron-lattice interac-
tion. Of course, not all electron excitations lead to desorption. The electron-hole pair
may lose energy or radiation recombination and be lost in the precursor channel for
desorption. Various excitation and relaxation paths from the main photon solid inter-
action to the relaxation excited state are schematically shown in Figure 1.

The mass transfer and ionization mechanisms induced by laser can be roughly
divided into thermal and nonthermal mechanisms. Thermal mechanisms include nor-
mal evaporation, photomechanical spalling, and phase explosion, while nonthermal
mechanisms include electron transition-induced desorption, electrostatic ablation,
Coulomb explosion, and so on. The peak power, tunable wavelength, continuous wave
(CW), pulse duration, and precise beam optics of the laser beam provide micro/nano
level controllable processing.

When a sufficiently strong laser pulse irradiates the material surface, the material
undergoes different stages. These phases can be classified according to their duration.
For example, chemical reactions occur on the femtosecond timescale (phonon vibra-
tion period). Similarly, electron motion is the key to any material modification, and it
occurs on the timescale of attoseconds (the electrons need about 150 times per revo-
lution of the atomic nucleus) [25]. This section explains these ultrafast mechanisms of
electron state evolution and electron-lattice interaction in the nanosecond and femto-
second ranges. Furthermore, the desorption and ablation mechanism of the material
under the action of a pulsed laser is explained.

The process of laser action on the material surface sequentially involves absorbing
pulse energy, distributing energy to electronic subsystems, and then relaxing based on
electron-phonon interactions [26, 27]. The absorption and distribution of energy occur
within the femtosecond duration, while the electron-phonon interaction occurs within
the picosecond duration. Such a nanosecond pulse interacts with matter, and all three
processes will be completed within the duration of the pulse. The nanosecond pulse
energy is used as a continuous energy source for the above three processes. When a laser
with photon energy greater than Fermi energy is absorbed by the surface of the mate-
rial, it directly leads to the excitation of electron transitions. The excited atoms relax
through the combination of electron-phonon interaction, radiation recombination,
Auger recombination, and carrier diffusion. According to the intensity of the laser
pulse, the distribution is based on two different paths of heating and ablation, leading to
melting. The excitation mechanism of ultrashort laser pulses causes the material to be in
a strong nonequilibrium state characterized by hot electrons and cold ions. After the
pulse ends, the electron transfers its energy to the ion through electron-phonon cou-
pling in sub-picoseconds. This heats up the phonon bath before the slow thermal effect

8



Laser-Matter Interaction in the Bulk of Semiconductor and Dielectric
DOI: http://dx.doi.ovg/10.5772/intechopen.112052

can reconstruct the material [18, 28-30]. In metals, electrons and phonons will reach the
same temperature in this way, allowing for any subsequent thermal phase transition
when the system is in internal equilibrium. In semiconductors and insulators, the
generated excitons undergo additional recombination through radiative or nonradiative
recombination, where the latter implies exchange with phonons [31]. Due to the pres-
ence of surface states and the formation of net charges after electron emission, the
material surface needs to be regarded as an independent region with its own excitation
and thermal mechanism. In other words, on the timescale equivalent to the relaxation
time of the quasiparticle and the length scale similar to the average free path of quasi-
particle, the quasiparticle pass through the structure unimpeded and mainly scatter at
the interface. For example, in macroscopic objects, heat and phonon transport exhibit
diffusion over a long period of time, but when the length and timescales become
narrower, their properties become ballistic. The average free path of phonons can be as
large as 300 nm but decreases with increasing temperature [31, 32].

In the case of femtosecond laser, a sufficiently strong laser pulse can generate free
carrier density in the conduction band as high as 10%° to 10 /cm? [29, 33]. The high-
density free charge carriers result in mutual shielding in the conduction band and
heating before the relaxation of electron-phonon interactions. The time delay caused
by free carrier shielding in the conduction band leads to bond weakening, causing
band gap collapse, and leading to the transition from semiconductor to metal.

In addition, the electron-phonon relaxation process in femtosecond mode occurs
after the pulse, and the duration of the femtosecond pulse is sufficient to cause the
initial absorption part of the laser pulse energy to generate plasma on the material
surface. The plasma absorbs the remaining part of the incident pulse through the
reverse bremsstrahlung process (Figure 4). The absorbed pulse energy of the plasma
accumulates deep in the material, resulting in a higher-density plasma [35].

4.2 Ionization mechanism

Multiple excitation mechanisms are used to explain the interaction between laser
and condensed phases. Research has clearly pointed out the importance of laser and
sample characteristics, as there is no universal mechanism to explain every situation.
Starting from sufficiently high laser intensity for ablation or breakdown, the duration
of the pulse determines whether thermal and hydrodynamic effects occur during the

A B

Figure 4.
Pulse propagation, (A) plasma generation, and (B) plasma expansion and absorption in femtosecond regime.
Reproduced from vef. [34].
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radiation period. For femtosecond pulses, this process can only begin after the irradi-
ation is terminated. During nanosecond pulses, it is usually assumed that there is a
balance between excitation and relaxation processes to maintain the material in an
overall electrically unexcited state, and the energy of the transient excited electrons is
rapidly transferred to the heavy species. This allows a purely thermal description
using classical hydraulics and thermodynamics [6]. In the initial stage of laser inter-
action, nonthermal processes may have significant contributions that cannot be
ignored. The wavelength of the laser further determines the properties of the excita-
tion process. Ultraviolet radiation can usually cause electron excitation or ionization
events using a single photon. In nonmetallic solids and liquids, ionization in this case
corresponds to the transition of valence electron to the conduction band in the
Jablonski diagram [36-39]. For a single photon with a longer wavelength, excitation
and ionization can be realized through the nonlinear effect caused by high laser
irradiance. Strong photon flow can be taken as a collective, and valence electron can
be excited by field-induced ionization. Based on wave-particle duality, this mecha-
nism can be distinguished as a function of multiphoton, tunneling, and barrier exci-
tation intensity [40]. For example, multiphoton absorption enables infrared lasers to
directly boost electrons within an energy range exceeding one of the constituent
photons. Only when the ionization rate of the tunnel is fast enough relative to the
frequency of light can quantum tunneling be achieved at higher irradiance [40]. From
the moment of producing quasi-free electrons, excitation, and ionization can further
occur through charge carrier acceleration and collision, as well as reverse bremsstrah-
lung radiation [4, 40]. Direct impact ionization should not be the main mechanism in
dielectric materials. The above excitation mechanism can serve as a source for under-
standing the voltage-induced breakdown mechanism of condensed materials.

The dielectric surface is converted into plasma by ultrashort pulses of about 100 fs
with an average intensity of about 1 ~ 10TW /em? [41, 42]. It is conventionally
suggested that the ionization threshold is achieved when the electron number density
in the conduction band reaches the critical density n, = m,w?*/4ze*, corresponding to
the incident laser wavelength [43]:

ne = Jth(I(V,z, £))dt (3)
0

where W (I (r,2,t)) is the sum of ionization rates generated by electron collisions
and multiphoton mechanisms, respectively. The ionization time is represented by the
time required to reach the critical density. Therefore, the breakdown threshold
depends on the injection amount. The degree of impact of collision and multiphoton
ionization on the ionization rate depends on the oscillation energy of electrons in the
laser field., &, = €2E*/4m,0” (averaged over the light period and for linear polariza-
tion), and the ionization potential, J;, or band gap A, [44]. The ratio of ionization
potential (or band gap) to the energy of oscillations is the adiabaticity parameter,
y = Ay /€. It can be used to separate different ionization states. When y > 1,
multiphoton ionization is dominant. Electron collision ionization is the main
ionization mechanism in the long pulse region.

4.3 Desorption and ablation

The excitation and thermal processes in laser-irradiated materials lead to the rapid
heating of phonon baths. For femtosecond laser pulses, rapid energy deposition leads
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to so-called inertial stress limitation [45, 46], which is due to the accumulation of
strong compressive stress and the inability of materials to expand in such a short time.
The subsequent relaxation of these stresses creates underground voids, leading to
liquid surface layer separation and droplet ejection [45]. Therefore, during the
ultrafast laser pulse, heat conduction and hydrodynamic movement are still limited,
thereby reducing the thermal damage and heat-affected zone on the target [47]. There
may be two explosion states, from the photomechanical spallation at lower flux to the
phase explosion at higher flux [45]. Strong recoil pressures of up to 1GPa have also
been reported for longer or continuous pulses [48], but the shielding of the laser beam
by the jet plume can play a role, especially at longer wavelengths. This significantly
reduces ablation efficiency compared to femtosecond pulses [49, 50]. However, for
nanosecond pulses with shorter wavelengths, the ablation efficiency is still very

high, and the inverse bremsstrahlung in the laser plume interaction can be

ignored [4].

In this section, it is worth noting that three studies of Russo’s group, one of which
studied the particle size and shape [50], and two of which focused on the delayed
particle emission effect [51, 52]. It was found that femtosecond pulses on brass pro-
duced particles with a diameter of about 100 nm, forming large aggregates, while
nanosecond pulses produced spherical entities ranging from hundreds of nanometers
to thousands of nanometers [50]. According to two other studies, a laser pulse on
silicon with a duration of 3 ns first removes mass by normal evaporation during the
pulse period and then sprays micron-sized particles due to delayed explosive boiling
after 300 to 400 ns [51, 52]. This delay can be explained by the nucleation and growth
delay of bubbles in the superheated melt. Note that this mechanism can also be
effective for femtosecond pulses. Compared with nanosecond laser ablation, the lim-
ited heating of the material around the melt in the femtosecond case may even lead to
no convex edge above the surface [53].

There are still many questions about the origin of molecular species in the ablation
plume, because they may be by-products of evaporation or photomechanical spall-
ation, or phase explosion, released directly from the sample surface or from ejected
nanoparticles or droplets. In the case of femtosecond pulses, the generation of molec-
ular fragments is high over a wide wavelength and flux range [7] and also depends on
the position of the laser focus relative to the sample surface [54]. Nanosecond pulses
are not suitable for maintaining molecular structure at infrared and ultraviolet wave-
lengths. For infrared, this is due to plasma heating caused by the interaction between
low molecular generation rate at low flux and laser plumes at high flux [7]. Nanosec-
ond ultraviolet pulses do not have this shielding effect and will destroy molecular
bonds based on high photon energy and strong thermal effects. Two more controver-
sial mass transfer mechanisms in laser ablation are electrostatic ablation and Coulomb
explosion. Both assume that ions are directly released from the sample surface into the
gas phase through a strong field effect. As a first step, the laser generates a positively
charged surface layer through a sufficiently short wavelength photoelectric effect or
field-assisted thermionic emission. According to the electrostatic ablation mechanism,
surface ions are then pulled into the gas phase by the electric field induced by the
emitted electrons [55, 56]. However, the Coulomb explosion is caused by the repulsive
force between positive ions in the surface layer [55, 56]. The process occurs ultrafast,
which explains the early ion emission during femtosecond pulse ablation (see
Figure 5). This mechanism is also controversial, as it is believed that surface charges
are quickly eliminated through charge compensation through the redistribution of
conductive electrons within the body.
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5. Electron-lattice interactions and material structural relaxation

5.1 Relaxation of a nonequilibrium phonon distribution induced by laser

irradiation

Laser action on a substance first excites electrons, which transmit the stimulated
energy to the nucleus and convert it into driving energy for nuclear motion, causing
atoms, ions, and molecules to eject from the material surface, forming laser-induced
desorption and ablation. Based on a series of electron lattice interactions, such as
phonon scattering of free electrons, phonon emission, local lattice rearrangement, and
configuration changes, and the rate and dynamic characteristics of transformation, are
influenced. The configuration changes caused by the self-trapping of holes and exci-
tons, defect formation and reaction, and electrical interactions between defects and
lattice ions lead to surface decomposition.

Femtosecond laser excitation provides a suitable condition for studying the basic
process in irradiated materials, because the duration of laser pulse is much shorter
than the time required for the energy transfer process in the excited materials.
Figure 6 shows a comparison of thermal mechanisms, charge carrier removal, thermal
effects, and structural effects. According to the ultrashort laser pulse excitation
mechanism described in Section 4, laser radiation forms strong nonequilibrium states
characterized by hot electrons and cold ions in the material. At the end of the pulse,
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Figure 6.
Qualitative time dependence of electron and lattice temperature in the skin layer. The dotted line is a Gaussian
shape of fs-laser pulse; t,_,, indicates the energy equilibration time. Reproduced from ref. [56].

energy is transferred to the ion within sub-picoseconds through electron-phonon
coupling. In semiconductors and insulators, excitons are generated simultaneously,
and they will undergo radiative or nonradiative recombination, which involves
exchanging energy with phonons. However, the simulation of silicon shows that the
phonon system is in a nonequilibrium state within several hundred picoseconds [57].
Therefore, this nonequilibrium may affect the early stage of the thermal effect. In this
regard, it seems to be more recommended to consider from the nonthermal and
thermal timescales than from the nonthermal and thermal processes.

5.2 Dynamic mechanism of atomic site change in materials under the action of
pulsed laser

In the initial stage of laser interaction with semiconductors and insulators, heated
electrons are rapidly excited, and atoms vibrate almost undisturbed near their equi-
librium positions. When the laser pulse ends, the electron reaches its maximum
temperature and produces an electron temperature gradient in the surface layer,
which generates a driving force on the surface layer. This force is proportional to the
electron temperature gradient and acts on atoms, causing coherent motion of the
atoms. This force is generated at a time shorter than the phonon period
(tpn = 27/ wy), ~tew hundred fs) and produce rapid atomic shifts. The magnitude of
this force is proportional to the absorbed energy density. The elastic force that causes
atomic vibration in an undisturbed solid is also greater than the electric force at the
energy density of the melting equilibrium enthalpy. The electric force only acts as a
short pulse, triggering atomic vibration at the “cold” phonon frequency. From a time
perspective, the next stage of atomic vibration corresponds to harmonic vibrations
with “cold” phonon frequencies, which persist during the energy transfer from elec-
trons to the lattice until the lattice reaches a temperature close to the melting point.
Afterward, atomic vibrations gradually lose their harmonic characteristics, and
nonlinear interactions between different phonon modes will dominate, ultimately
transforming the solid into different phases or disordered states.
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Figure 7.
Qualitative picture for the change of the potential energy due to electronic excitation.

The fast atomic motion in a fast excited solid can also be qualitatively described
using the interatomic interaction potential (Morse potential) shown in Figure 7. In
fact, the interatomic potential is composed of the part that attracts electrons and the
part that repels ion nuclei. Fast electron excitation reduces the attraction and therefore
the binding energy. The distance between atoms increases due to the excitation of
electrons. Compared with the quantum harmonic oscillator model potential, the
interatomic potential in Morse contains the nonbonded state that is absent from the
harmonic oscillator model, so it can describe the nonharmonic effect, frequency
doubling, and combination frequency [58]. Morse potential expresses the atomic
displacement as a function of electron temperature, binding energy, equilibrium
atomic spacing, and the gradient of attraction and repulsion of the potential.

Based on the consideration of the above model potential, analyze the atomic
vibration in an undisturbed solid, consider first-order approximation, ignore spatial
dispersion, and consider the excited phonon as a standing wave. The elastic force
driving harmonic vibrations in solids can be represented by the second-order pertur-
bation term in the interatomic potential, which is in the form of:

1(0°U 1
AU — = [Z2) 22 2 Mald? 4
Vi =3 (0q2 ) o] o “
One estimates (0°U/dg?) o~ Ep /d*; here g is the cold phonon amplitude, & is the
binding(cohesive) energy, and 4 is the interatomic distance in equilibrium. The cold

phonon frequency in Eq. (4) is w3 ~ &,/Md”. The elastic force driving harmonic
vibrations immediately follows from Eq. (4):

oAU

Fel -
dq

RsMa)(z)q (5)

The cold phonon amplitude at a temperature lower than the Debye temperature is
estimated as [59]:
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2" 1/2
qO ~ (MCUO) (6)

Now, the elastic force explicitly expresses through the basic characteristics of a
solid:

F,~ (Ma)gfl)l/z

(7)

Considering the effect of a laser electric field on the material under constant
volume conditions, the laser causes internal atomic motion that leads to material
deformation, thereby modulating the dielectric function of the medium. The stress
tensor of the initial isotropic medium can be expressed as [60]:

E?5; EE; E? Seip E:D,
= Py — [ — 2L+ - ey, + — L) s+ —=, 8
ok * ( 8n i 47r)€]k+87r {n“(&%)T] § 4r ®

where the electric displacement vector has a form D, = &,;E;. We assume that the

dielectric tensor modified by the laser effect consists of two terms, the Drude-like

term, ¢p, and polarization term, e]%’):

& = €p0je + 8};1:) 9)

The electron number density, dielectric function, electron and lattice temperature
in transient are all time-dependent.

The volume force caused by the laser field can be represented by the stress tensor
modulated by the field effect, o, taken from Eq. (8) as follows [61]:

The volume force caused by the laser field is expressed by the stress tensor oy,
modified by the field action, which is taken from Eq. (8) as follows [61]:

®) @2 2
00ik oP  dey” E° (ep—1) OE" Ly | c(p) | ppond
= o @ =fi +fi" +fi 10
Sxy, Ooxp  OXp, 87rjL 8 Ox; fi 17+ (10)

fi

Here, we consider that for the Druid-like part of the dielectric function, the
following relation holds, #,(dep/on,)T = ep — 1. The first term on the right side of
Eq. (10) is the thermal driving force caused by the above electron temperature gradi-
ent. The second term is the force related to polarization, based on the Plazcek effect
[62], whose magnitude is inversely proportional to the atomic displacement, and the
third term is the ponderomotive force. Polarization and ponderomotive force are only
effective during the duration of the pulse, while thermal driving forces cause atomic
movement until the temperature gradient is smooth throughout space. It is also worth
noting that the polarization force in Eq. (10) is similar to but different from the force
driving phonon excitation in the Raman effect [63]. This difference is related to the
fact that the duration of the laser pulse is much shorter than the phonon period.
Therefore, there is no interaction between the laser electric field and the vibration
field of atomic motion. The phonon frequency enters the polarization force
indefinitely.

The spatial variation based on optical power density forms the ponderomotive
force acting on atoms or electrons or ions in the dielectric or plasma. The optical

15



Laser Ablation

power density of a monochromatic plane wave is independent of distance, and the
longitudinal component of ponderomotive force is zero. For traveling pulses in dis-
persive media, their spatial range varies with the variation of optical group velocity.
At small group velocities, moderate pulse energy also transfers a large amount of
momentum to the atoms colliding with it. The strong excitation of lattice atoms with
large momentum at once leads to ionization, desorption, and ablation, which presents
typical nonlinear characteristics.

Based on the above qualitative discussion about the structural relaxation of mate-
rials after pulse laser action. Briefly explain the ultrashort interaction mode, that is,
the duration of the laser pulse is far less than the time of the energy equilibration in
the irradiated material. Obviously, nonequilibrium phenomena dominate the material
removal mode, one of which is the rapid formation of lattice distribution functions
with truncated high-energy tails, which can lead to different ablation modes.

6. Conclusion

To sum up, this chapter first analyzes the interaction between laser and matter
from the perspective of energy, describes the electronic response characteristics of
semiconductors and insulating dielectric materials excited by nanosecond pulse laser
and femtosecond pulse laser, explores the relaxation process of the interaction
between excited electrons and lattice, and analyzes the generation mechanism of
polarization force and pondermotive force acting on lattice based on the multiple
coupling of laser field and plasma. At the same time, the basic analysis of the above
laser-matter interaction process is given based on molecular dynamics. These effects
may modulate the relevant physical processes of ionization, desorption, and ablation.
It is hoped that the theoretical analysis results of the interaction between laser and
materials in this chapter will have certain guiding significance for the related fields of
laser processing, laser spectral analysis, and process design of periodic surface
structure beyond the optical diffraction limit.
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