Chapter 3
Fundamentals of Laser-Material Interactions

Ettore Carpene, Daniel Hoche, and Peter Schaaf

Abstract The following chapter illustrates the basic physical processes occur-
ring during laser-material interaction. It considers fundamentals of electrodynam-
ics in relation to electron—phonon interaction, electromagnetic wave propagation
and phase transformations that take place. The theory explains the influence of
interaction times and their consequences on heat and material transport.

3.1 Basic Considerations

Laser-material interactions are very complex and only in some simple cases, the
laser may be merely seen as a heat source. The numerous facets of laser-material
coupling have been the focus of physical research immediately after the first oper-
ating laser was built [1-8]. Absorption, heating, melting, evaporation, recoil pres-
sure, piston effect, plasma formation, laser-supported absorption waves (LSAW),
Marangoni convection, and Kelvin-Helmholtz instabilities are among the intricate
aspects of the laser-material interaction, and they all should be taken into account
in order to understand in details the effects of laser processing on the irradiated
substrate.

In this chapter, we give a short overview on some of the main features of common
types of lasers (Sect.3.2), sketch the basic electron—electron and electron-lattice
dynamics related to laser-material coupling (Sect.3.3), discuss the fundamental
aspects of laser-material interaction (Sect.3.4.1) with connection to the thermo-
physical properties of the substrate (Sect.3.4.2), and show the results of numeri-
cal simulations on some common materials (Sect.3.4.3). In Sect. 3.5, we give an
overview of the phenomena occurring at the sample surface during energetic pulsed
laser processing: in particular evaporation (Sect. 3.5.1), recondensation (Sect. 3.5.2),
plasma formation (Sect.3.5.3), and LSAW (Sect. 3.5.4) will be outlined. We will
conclude sketching some basic aspects of material transport processes (Sect. 3.6).
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3.2 Laser

It took many years since the publication of the basic theoretical principles of the
stimulated emission of radiation by Einstein in 1917 [9] until the first radiating
laser was built by Maiman in 1960 [10]. With the development of powerful lasers,
also their applications in material treatments rapidly developed [11-16]. Today, an
uncountable number of lasers are used in industrial production processes, especially
for the treatment of metals.

A laser (LASER = Light Amplification by Stimulated Emission of Radiation)
is a device that emits light (i.e., electromagnetic radiation) through the process of
stimulated emission. The basic principles of a laser are described in [17-20]. One
can classify lasers into the following types, according to the lasing medium:

Gas lasers (e.g., CO,, excimer)

Liquid lasers (organic liquid dye)

Solid state lasers (e.g., Nd-YAG, Ti:sapphire, fibre laser)
Semiconductor laser (e.g., quantum cascade lasers, diode laser)
Free electron laser (FEL)

NS

A laser can radiate either in continuous wave (cw) mode or in pulsed mode.
The first operating laser was a Ruby laser [10], i.e., a solid state laser. Here, the
population inversion was produced by optical pumping. Semiconductor lasers are
using a voltage/current to invert the state occupancy, while in gas laser the inver-
sion is obtained by gas discharge. In particular, the excimer laser (excimer=excited
dimer) is a pulsed, high pressure gas laser, using a noble gas — halogen mixture
[21]. FELs use relativistic electrons as lasing medium and they provide the widest
spectral tunability (form far IR to deep UV or soft X-rays). The main properties
of laser radiation are the high brightness (i.e., power emitted per unit surface area
per unit solid angle), high monochromaticity (i.e., extremely narrow bandwidth),
minimal divergence, and high spatial and temporal coherence [3,22]. These are the
reasons for the high focussability of laser radiation, which leads to the production
of large irradiances (up to 102! W/cm?), enough to evaporate any material or even to
start a nuclear fusion reaction [17]. The temporal structure of pulsed lasers depends
on the specific lasing process, but it can range from milliseconds to femtosecond
with the mode-locking technique. The spatial energy distribution in the laser beam
is mainly depending on the geometry of the laser resonator, on the mirrors and on
the extraction optics [23,24]. Best focussability is given at low transversal electro-
magnetic radiation modes (TEMOO, i.e., Gaussian), whereas for surface treatments
a top-hat profile is preferred in order to achieve a homogeneous treatment. The most
important lasers for material treatments are the CO, laser, the Nd: YAG laser, and the
excimer laser. Recently, also diode lasers are attracting great interest [25]. For laser
processing of metals, the beam wavelength is relatively important as long as light is
absorbed. For dielectric materials, on the other hand, considerable absorption takes
place only if the photon energy overcomes the optical/mobility gap.

The typical wavelengths A of various laser types are summarized in
Table 3.1 [26].
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Table 3.1 Wavelengths for selected laser types [26]

Lasing medium Laser type Wavelength
Solid-state Ruby 694 nm
Nd:YAG 1,064 nm
Ti:Sapphire 650-1,100 nm
Gas CO, 10.4 um
Excimer 193 nm (Ar-F)
248 nm (Kr—F)

308 nm (Xe—Cl)
351 nm (Xe-F)

Semiconductor GaN 0.4 um
Quantum cascade mid-far IR
Free electron far IR to vacuum UV

For laser processing of solid substrates, the typical power of the laser beam is
ranging up to 100 MW with pulse durations 7,y 0f 10-100ns and repetition rates
up to 1 kHz [20,26,27].

3.3 Heat in Solids: Electronic and Lattice Dynamics

To understand the effect of the laser beam on the irradiated material, the electronic
and lattice dynamics must be taken into account. In order to induce any effect on the
substrate, the laser light must be absorbed and the absorption process can be thought
as an energy source inside the material. However, although driven by the incident
light beam, the source can develop its own dynamics depending on the specific
electronics and lattice responses of the material. The description of the absorption
phenomena is based on Maxwell’s equations and on their solution for time-varying
electric and magnetic fields. The optical properties of solids are accessible with
conventional optical methods using light in the infrared, visible, and ultraviolet
spectral range. In this section, we summarize the basic electronic and lattice dynam-
ics of solids, emphasizing their typical time scales and their consequences on the
laser-material interaction.

For typical laser wavelengths (from near infrared to near ultraviolet), pho-
tons are absorbed by electrons through inter- and intra-band electronic transitions.
Therefore, the laser beam induces a non-equilibrium electronic distribution that
thermalizes via electron—electron and electron—phonon interactions. The electron—
electron thermalization can be rather complex depending on the specific electronic
structure of the irradiated sample: for semiconductors and insulators, the laser pho-
tons can promote electrons from the valence band to the conduction band, across the
optical/mobility gap, creating electron-hole pairs. Subsequently, electronic recom-
bination reestablishes the equilibrium condition on a time scale that can be as long
as nanoseconds, depending on the material properties [28].
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For metals, the situation can be very different. Electron scattering events can take
place within a few femtoseconds, thus electronic thermalization can be extremely
fast. The simplest approach is provided by the Drude model [29], where the electron
scattering time tp can be deduced from the electrical conductivity o, as:

0a = Netp/m 3.1)

Here, N is the conduction electron density, e is the electron charge, and m is
the electron mass. Typical values of 1p are a few femtoseconds, representing the
time scale of electron scattering events. Drude model simply provides the electron
scattering time even under equilibrium conditions, with no insight on the specific
mechanism. Since the laser photons induce a non-equilibrium electronic distribu-
tion, more sophisticated approaches must be employed. The lifetime .. of excited
electron is due to electron—electron collisions and is described by the Fermi liquid

theory [30] as: )
Tee = T ( - ) (3.2)
E—EF

where 1 is of the order of a femtosecond, ¢ is the Fermi energy, and ¢ — ¢F is
the excited electron energy as referred to the Fermi level. Notice that with laser
photons in the visible-UV range and with a typical Fermi energy of 10eV, 7., ~
1 — 10fs and it rapidly increases as the electron energy relaxes towards the Fermi
level. This lifetime dependence has been thoroughly investigated and confirmed by
several time-resolved photoemission experiments using femtosecond lasers (see for
instance [31, 32]). Due to the ultrafast character of electron—electron interaction,
these processes can only be revealed with laser pulses which duration compares
with 7., i.e., Ti:sapphire lasers operating in mode-locking condition. For longer
laser pulses, the electron—electron thermalization occurs within the pulse duration
and the electron dynamics substantially follows the time evolution of the laser pulse.

Electrons, however, do not only scatter among each other, but they can also
interact with the lattice through electron—phonon scattering processes. The theory
of electron-lattice scattering has been developed since the 1960s, especially with
the discovery of superconductivity. The basic features of the interaction have been
outlined in the fundamental work of Eliashberg (see [33]). A simplified approach,
directly related to laser interaction with solid has been proposed by P. B. Allen [34],
and is based on the rate of change of the electron and phonon distributions due to
collisions. Allen derived an expression for the energy transfer between the photo-
excited electrons and the lattice that allows to evaluate the variation of the electronic
temperature 7, as a simple rate equation:

0T./0t = (TL — T¢) [ 7ep (3.3)
(T is the lattice temperature) where the electron—phonon coupling time T,
depends on the electronic temperature, a coupling constant A, (~ 0.5, see [35])

characteristic of the material and the Debye frequency wp of the irradiated solid as:

Tep = 2kpTe)/(3hApwd) (3.4)
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For T, ~ 103 K and using typical values of the Debye frequency for metals (hwp
of a few tens of meV), e, ~ 0.1—1 ps. Thus, the energy transfer from the electronic
bath to the lattice occurs on the picosecond time scale and is roughly two orders of
magnitude slower than the electron—electron scattering time.

From these considerations, it is clear that electrons and lattice can develop dis-
tinct dynamics upon laser irradiation, and the time evolution of the energy (or
temperature) of the electron gas and the lattice can be described by two separate,
but coupled heat transport equations:

aT.

Cea_: = V(kVT.) — H(T, TL) + S(1) (3.5)
CLaa% = H(T., Ty) (3.6)

Here, C. and Cy. are the electronic and lattice specific heat (J m—3 K1), respec-
tively, S () represents the absorbed laser power per unit volume (W m=3), H(T,, T1.)
is the rate of energy transfer between electrons and lattice (W m™3), and V (k. VT)
is the diffusive electronic heat transfer. These coupled differential equations rep-
resent the celebrated two-temperature model (TTM) developed by Anisimov et al.
in 1975 [36]. In the last 30 years, several authors have investigated theoretically
and experimentally various aspects on the TTM, including the detailed electronic
[37—45] and spin [46] scattering mechanisms.

Under proper experimental conditions (see [38,47]), the energy transfer between
electrons and lattice can be simplified as:

H(T.,Ty) = gep(TL - Te) 3.7

where the quantity g., = C./7p represents an alternative way (but equivalent to the
approach proposed by Allen) to describe the electron—phonon coupling.

It should be noted that (3.5) and (3.6) are useful as long as the laser pulse duration
Tpulse 1S comparable to the typical time constants of electron—electron and electron—
phonon couplings. If Tpuse > Tee, Tep, then electrons and lattice thermalize within
the pulse duration and their dynamics substantially coincide (thus 7. = Ty, = T).
To illustrate this effect, (3.5) and (3.6) have been solved numerically (details on the
numerical simulation of the temperature profiles will be discussed in Sect.3.4.3)
using the thermal and optical parameters of copper as a benchmark. The temporal
profiles of the source term S(¢) has been assumed gaussian and the laser fluence
has been chosen for each pulse duration in order to produce a maximum electronic
temperature rise AT < 100K. For copper, C. = yT., with y = 107*J/cm3K?
[48], CL = 3.4)/cm3K [48], k. = 4W/(cmK) [49] and g, = 100 W/cm3 K [49],
corresponding to an electron—phonon coupling time 7o, ~ 0.3 ps. The results are
reported in Fig. 3.1.

For tpuse = 501, electrons and lattice are essentially decoupled: the electronic
temperature rise is determined by the laser pulse and its subsequent relaxation is
completed on a time scale comparable to a few t.p,. The lattice temperature, on the
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other hand, shows a negligible change since the lattice cannot respond on a time
scale as short as the pulse duration. When 7,,5c = 5 ps, the electronic temperature
closely resemble the time evolution of the laser pulse (i.e., gaussian profile) since
its intrinsic dynamics is much faster than 7. Besides, energy is transferred to the
lattice within the pulse duration and T3, clearly rises. If the laser pulse duration is
further increased to T,y = 500 ps, electronic and lattice dynamics are essentially
similar since the rate of energy exchange between them is much shorter than zpyie
and they evolve as if they were in local thermal equilibrium condition.

In this last case, the TTM becomes redundant, and (3.5) and (3.6) can be
simplified. In fact, by substituting (3.6) in (3.5) one obtains:

(Ce + CL)%—f = V(k.VT) + S(1) (3.8)

Considering that the electronic specific heat is usually much smaller than the
lattice one [29, 48], the term C. can be neglected and the standard heat transport

equation is obtained:

CL% = V(k.VT) + S(t) 3.9)
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The main features and the most important consequences of this equation will be
described in detail in the next sections.

3.4 Laser-Material Interactions

The laser is usually seen as a very special and intense heat source and only its
thermal effects are to be considered. Nevertheless, in recent years also laser induced
chemical reactions, where photons with high enough energy may directly induce
chemical reactions, play a considerable role [1,7].

Even if the laser processing is performed in the presence of a reactive atmo-
spheric environment (e.g., nitrogen or methane for laser-induced nitriding and
carburizing, respectively), photon energy in the near UV spectral range is too small
to directly interact with the surrounding gas with typical ionization energy of tens
of eV (e.g., Eioniz = 15.6eV for nitrogen [50]). Moreover, the intensity of the
laser irradiation normally used in laser processing of matter is too small to induce
a gas breakdown, which needs a threshold irradiance of Ipeax ~ 10! W/cm?
[1,51]. Thus, the laser irradiation will hit the substrate surface unhindered, without
absorption in the surrounding gas.

3.4.1 Single Photon and Multi-Photon Processes

The processes taking place when the laser radiation hits a material depend on the
amount of deposited laser energy. This energy and its spatial and temporal distri-
bution determine what kind of material modification will occurs [52]. The main
laser-solid interaction process is the excitation of electrons from their equilibrium
states to some excited states by absorption of photons [53]. These typical single
photon processes are well-known in a wide field of physics and have been discussed
extensively [54,55]. Other possible excitations involve multiphoton electronic tran-
sitions. At a constant laser fluence, a shorter laser-material interaction time favors
multiphoton excitation processes, because the probability of nonlinear absorption
increases strongly with a growing laser intensity.
A general expression for the n-photon transition probability W is given by the
following equation:
W =s"I" (3.10)

where I describes the laser intensity and s the cross section of the single-photon pro-
cess. Due to their strong nonlinear character, multiphoton processes are in general
rather complex and will not be considered in the next sections. Further information
are available in the work of Linde et al. [53].
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3.4.2 Laser Reflection and Absorption

As already mentioned in previous chapters, laser light in the near IR-near UV spec-
tral region normally interacts only with the electrons of a material, because ions are
too heavy to follow the high frequency fields [56]. The optical properties of met-
als are determined by the free (valence) electrons, because the inner electrons only
weakly interact with the applied electric field. These free electrons are accelerated
in the electrical field and gain energy. Due to the periodic change of the field vector,
the oscillating electrons also re-radiate energy, which causes the high reflectivity of
metals. The interactions of laser radiation with matter are significantly simplified
if the pulse duration is long compared to the typical elementary scattering times
(picoseconds), and the classical Drude theory [57] can be used.
Describing the laser radiation by a propagating electric field plane wave:

E(r,t) = Egpexp{i(kr —wt) } (3.11)

with frequency w = 2mc/A, wavevector Kk, space coordinate r, time ¢, and field
amplitude Ep, one can treat the solid as a combination of harmonic oscillators
(Lorentz model), resulting in the equation of motion for electrons:

mi + mypr + ma)gr = —¢Ec(r,1) (3.12)

with electron mass m, attenuation yp = 1/1p, eigenfrequency wy and the local field
strength Ejq.

Here the finite mass of the atoms and the weak magnetic forces have been
neglected. The attenuation constant yp includes the interaction of the electrons with
lattice phonons and vacancies, by which energy is transferred within picoseconds
to the whole solid [8]. The fraction of absorbed radiation is determined by the opti-
cal properties of the sample. The locally acting electric field E;jyy = (Ejo) is the
response of the material to the external field and is determined by the dielectric
tensor ¢ via:

E() =& Eint (313)

For isotropic materials, the dielectric tensor reduces to a complex constant and
in the framework of the Drude model for metal, considering that free electrons have
no retention force, i.e., wg = 0, the dielectric index ¢ = €1 + i¢ is given by:

6021'2
2 2 p D
g =nt—i2=1——L2P 3.14
' 1 + w27} .
Cl)2'L'
£y = 2nk = — B2 (3.15)

o(l + w273)’

with 7 and « being the so-called refractive index and the extinction coefficient.
As already discussed, tp is the mean time between two electronic collisions. The
plasma frequency w, depends on density of free electrons N:
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N 2
wp = || — (3.16)
meo

(here, g9 is the vacuum dielectric constant). The reflectivity Ry and the absorption
coefficient «, or the optical absorption length dop = 1/« (at normal incidence),
may be obtained via n and « by:

(n—1)% +«?

T )2 @-17)
2 4

a:%’“:%" (3.18)

Simultaneously, the plasma frequency wy, is connected to the electrical conduc-
tivity of the metal o¢;:

N 2
¢t _ a)grDso (3.19)

Oel =

and is usually in the UV regime.

For optical wavelengths w < 1/7p (IR spectral range), the reflectivity R¢ and the
absorption coefficient « can be estimated using the electrical resistivity pey = 1/0¢
(Hagen-Rubens-equation [56, 58]):

R() =1-2 2w80p61 (320)
2w
o= [ (3.21)
C“E0 Pel

resulting in Ryp ~ 90 — 99%, and a~ ! & 10nm for metals and radiation below
the plasma frequency [56]. The absorption coefficient increases with decreasing
wavelength and is proportional to the resistivity pe [59], while above the plasma
frequency the reflectivity drops drastically (UV-transparency of metals) [60]. The
values of Ry and «, or alternatively n and «, are available in the literature for many
pure solids and for a number of compounds in a wide range of laser wavelengths
[50,61].

The absorption at surfaces not only depends on the wavelength of the laser
radiation, but also on other factors such as incident angle, surface roughness, and
temperature of the solid. For example, the roughening of the surface (roughness
R, > A) enhances the absorption by multiple reflections [59]. For most metals, the
absorption increases with increasing surface temperature. A dramatic increase of the
absorption is found for most metals at the melting point [56]. Also for high enough
laser intensities (10°~10°® W/cm?), anomalous absorption by nonlinear processes
can enhance the energy transfer [19, 62].

As stated by (3.9), the absorbed energy is spatially distributed by heat conduc-
tion. For laser with pulse duration up to tens of nanoseconds, the thermal diffusion
length zy, never exceeds a few wm (for metals zp = +/Tpuseke/CL < 1 wm, where
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ke/Cy is the so-called thermal diffusivity). Assuming a laser spot size much larger
than the thermal diffusion length z, (that is a rather common situation in standard
laser processing), one can use the one-dimensional heat diffusion equation, and (3.9)
can be further simplified. For the isotropic case with temperature dependent material
properties, this can be written as:

0T (z,1)
0z

(1) 0

= |:ke(T)

C.(T
L(T) ot 0z

] + S(z. 1), (3.22)

where T'(z,1) is the temperature at depth z at time ¢; { = keéf) , where k.(T) is the

heat conductivity, Cp (T') is the specific heat and S(z, ¢) is the absorbed or released
energy per unit time and unit volume.

Here, S(z,t) incorporates the laser heat sources, i.e., the absorbed laser energy
Lns(z, 1), as well as internal heat sinks AU(z, t) due to phase transformation:

S(z,1) = Ls(z, 1) + AU(z, 1) (3.23)

The absorbed laser energy can be evaluated using the laser irradiance 1(t) (i.e.,
energy per unit area and unit time), the reflectivity R¢ and the absorption coefficient
o:

Ips = 1()a(1 — Ry) exp (—az) . (3.24)

that is a direct consequence of Beer’s law:

0D _ 1), (3.25)
0z

The temporal shape of the laser beam can be modeled according to the laser
specification, but it is customary to use a Gaussian profile:

1(t) = (¢p/o~27) - exp(—(t — t0)?/202). (3.26)

where ¢ is the laser fluence (i.e., energy per unit area) and Tyuse = 26+/In2 (ie.,
the FWFM of the gaussian profile).

When a phase transformation occurs (e.g., melting, evaporation, or solidification)
at a given temperature 7ppae, the corresponding latent heat L, is a heat sink
that must be taken into account. A convenient approach is to re-define heat in the
proximity of the phase transition temperature in such a way that uniquely describes
the state of the material as a function of the temperature [28]:

Codr if T < Tphases

dH(T) =
( ) CLdT + Lphase it T = Tphase-

(3.27)

When the material changes phase, the extra heat sink Lpey is “automatically”
included in the heat equation.
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If the temperature overcomes the melting point, significant evaporation might
start, and this must be carefully included into the calculation, because evaporation
not only removes heat but also matter. Above the melting temperature, the liquified
matter evaporates according to the following evaporation flux j., [8,63]:

0Zey T
jev = Z = pD—() (3.28)

P9 T JQnkaT M)

where pp(T) is the vapor pressure of the material at temperature 7', M, is the
atomic mass, and p is the material density. Boiling is neglected, since the high recoil
pressure and the plasma pressure, as we will see later, are increasing the boiling
temperature.

The vapor pressure pp can be described by the Clausius-Clapeyron equation:

1 1

A
po(T) = poexp [—fb (7 — Fb)i| (3.29)

with po being the initial pressure (before evaporation starts), Ay the molar latent
heat of boiling, 7}, the boiling temperature, and R the gas constant. Then, the heat
flux U, removed by the evaporation process is given by

. 0Zey
Uev = jevAo(T)/M = p? “Ao(T)/M. (3.30)
(M is the molar mass). Since the sample surface is a discontinuity, it requires a
boundary condition for the heat diffusion, and it can be included as follows:

(Gl (7 -7)))
=Uey = ——eXp|—= | = — =
surface 2nRTM R \ T, r

As it will be shown in the next sections, during the laser irradiation, an enor-
mous pressure (~10%bar) is acting on the target surface. According to 3.29, the
boiling point is shifted to a higher temperature and the liquid can be heated above
Ty, making the condition described in (3.27) unnecessary for the liquid—vapor phase
transition.

In most general cases, the thermal and optical parameters appearing in (3.22)—
(3.31) are temperature-dependent and the only way to solve the heat transport
equation is numerically, as it will be illustrated in the following section with some
specific examples.

ke(T) or

PR (3.31)

surface

3.4.3 Temperature Profiles

In this section, we will outline how numerical calculations of the laser induced tem-
perature rise can be performed by the method of finite differences. Due to the fast
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and local supply of energy from the laser source, the irradiated sample can melt and
even evaporate. The latter is normally connected to the formation of a plasma above
the surface. The dependence of temperature, melt depth and evaporation rate on
time, depth, and laser fluence will be calculated. Material transport and convection
in the melt are neglected at this stage.

In the finite differences approach, time ¢ and space z are divided into discrete
points t/ = i-At and z, = n-Az. Thus, the sample is sliced into thin layers z,, (n =
0...N) of equal distance Az and the time steps are A¢. The partial time derivative
of the temperature can be expressed by the finite difference (forward differentiation)

representation:

oT  Titl—T!

— = 'n 3.32

ot At ( )
where T,f is the temperature at the time ¢/ = i - At in the layer z, = n - Az. The
calculation starts at i = 0 with T,? = 300K (ambient temperature) for all n. The
second derivative in space can also be expressed by a finite difference as:

PT  Tyo1 —2Tn + Tyt

BT (e 439
therefore, (3.22) can be re-written as
Ti+l i 4 A ke(Ty) (T —2T; + Ty py) + Sa (3.34)
" " CL(T}) (Az)? Cu(T})

which is called the “forward time centered” space scheme. The source term S,"l is
simply re-written from (3.24)—(3.26) in terms of discrete time and depth.
Also the boundary condition of (3.31) is included in the surface layer (n = 1):

oT ; Ti — Ti Abp() Ab 1 1
ke(T)=— = ko(TH)2—1 — exp[— (———.)].
‘ dz surface 2 Az 2R TIIM R \Ty Tll

(3.35)

Melting and solidification are implemented in the computation via (3.27) by
checking for every given layer n at any given time i when the melting point 71,
is reached, i.e., T:*! > T,, > T}.If the amount of heat AH = Cy(T})(Ti*! —
Tm) < Ly, the layer n starts to melt, the new temperature is held to T,f‘“ =Tn
and the fraction AH/Ly, of the slab is molten. On the other hand, if AH =
CL(T}))(T}*' —Ty) > Ly, the whole slab is molten and the extraheat AH — Ly, =
CL(T})(T} ™1 —T,,) determines the temperature 7! of the melt. The solidification
process is computed in a similar way.

The heat equation in finite differences becomes an algebraic equation that can be
solved with respect to T,f +1: the temperature is calculated iteratively for each layer
at each time step. The values of Az and At are not arbitrarily chosen, but they must
satisfy the Neumann criterion [64]:
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CL(T)
2ke(T) minimum ’

in order to obtain convergent, physical solutions. All these details can be imple-
mented into a program running on a standard PC which calculates the temperature
profile, the molten depth, and the evaporation rate [65-69].

The simulations presented below refer to a XeCl excimer laser source (A =
308 nm, Ty = 55ns).

Table 3.2 reports the thermal and optical parameters of Fe, Al, and Si used in the
thermal calculations, while Fig. 3.2 shows the temperature dependence of the ther-
mal conductivity k.(7") and the molar specific heat ¢,(7") for pure iron, aluminum,
and silicon. Figure 3.3 reports the time evolution of the surface temperature profiles
Tli and the melting depths of the iron and the aluminum targets irradiated at a laser
fluence ¢ = 4 J/cm?. Considering the typical thermal parameters of the investigated
materials, the values of Az ~ 10nm and A¢ ~ 1 ps have been used.

Although it is known that the optical reflectivity Ry of metals decreases with
increasing temperature [28], due to the lack of experimental data, it is assumed

(3.36)

At < Az2|:

Table 3.2 Thermal and optical parameters of iron, aluminum and silicon used in the heat equation
(data from [50])

Fe Al Si
M [g/mole] 56 27 28
p [g/em?] 7.86 2.7 2.33
L, [KJ/mole] 15 10.5 49.8
Ly [kJ/mole] 350 296 420
T [K] 1,810 933.5 1,685
T, [K] 3,023 2,740 2,628
Ry (A = 308 nm) 0.53 0.5@ 0.6

alem™'] (A =308nm) 1x10° 1.5x10° 1.5x 109
@ Measured.

Fig. 3.2 Temperature
dependence of the molar
specific heat (fop) and the
thermal conductivity (bottom)
of iron (solid line), aluminum
(dashed line) and silicon
(dotted line). Data from [70]
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Fig. 3.3 Time evolution of the surface temperature profiles (left) and the melting depths (right) of
the iron and the aluminum substrates irradiated at 4 J/cm?. The melting and the boiling points of
each element are indicated
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Fig. 3.4 Comparison between the Si surface temperature profiles obtained using temperature-
dependent (solid line) and temperature-independent (dashed line) reflectivities

temperature-independent. In the case of the silicon substrate, the reflectivity of the
solid is about 20% lower than the liquid (for near UV wavelength, Ro(T < Ty) =~
0.6 and Ro(T > T,) ~ 0.75[61,71,72]) and different temperature profiles are
obtained if the temperature dependence of R is taken into account, as illustrated
in Fig. 3.4. In particular, when the melting point is reached, the higher reflectivity
of the liquid phase reduces the absorbed laser energy, leading to a decrease of the
maximum surface temperature and of the melting time.

Powerful laser beams not only affect the intrinsic optical properties but also the
surface topography (shape, roughness) of the irradiated material, which influences
the beam-solid coupling. Surface corrugations are almost always related to melting
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or evaporation. In particular, melting of a surface by a laser beam typically leaves
its trace in form of ripples or corrugations. The patterns are often unrelated to the
beam profile and they appear even if the beam is perfectly smooth [8].

3.5 Phenomena Occurring on the Target Surface

Although the temporal evolution of the temperature profiles and the related phase
transformations inside the irradiated substrates have been described, important phe-
nomena take place also on the surface of the target, as illustrated in the following
sections.

3.5.1 Vaporization

According to the heat transport equation, the laser beam can be absorbed by the
substrate causing melting and vaporization. In the case of strong evaporation, typi-
cally at fluences of several J/cm? with nanosecond pulse duration, the more proper
boundary condition at the target surface would be to include also the velocity ve, of
the evaporation front. Using (3.28), we can write [61]:

_Jev _ po(T)

Vey = =
P pyQukgT/M,)

In the reference frame attached to the liquid—vapor interface moving with veloc-
ity vey, the left-hand-side of the heat equation, (3.22), should be written as:

CL(T) 8T§j,t) (T (8T§j,t) B VevaT(gj Z)) '

(3.37)

(3.38)

Both cases of stationary and non-stationary evaporations can be treated with
proper approximations [61], but the correct treatment should consider: (a) the
hydrodynamic motion of the evaporated material, (b) the decrease of the vapor
temperature due to its expansion, and (c) the backward flux of the evaporated
species. The vaporized atoms/molecules leave the substrate at temperature 7 with
half-Maxwellian non-equilibrium velocity distribution (the velocity is initially in
the direction normal to the target surface). Due to the collisions with other atoms/
molecules, the vapor propagates with hydrodynamic speed v, and the velocity dis-
tribution becomes Maxwellian (i.e., in thermodynamical equilibrium) [73]. The
transformation from non-equilibrium to equilibrium distributions takes place in a
thin layer of few mean free paths called Knudsen layer, as sketched in Fig. 3.5.

The detailed mathematical analysis of the transformation was performed by
Anisimov [74] with a proper definition of the velocity distribution and using the
conservation of mass, momentum, and energy across the Knudsen layer. The results
show that the temperature 7, of the vapor beyond the Knudsen layer is lower than 75,
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Fig. 3.5 Trradiation geometry Vapor Knudsen Substrate
(top) and temperature profiles layer

within the target and the
ambient medium (bottom):
effect of the Knudsen layer

T, | T,

Laser beam

Nva Tr pv -—
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v

due to the partial transformation of thermal energy into kinetic energy of the expand-
ing vapor plume. Besides, the number density of the vaporized species and the vapor
pressure behind the Knudsen layer (subscript “v”, i.e., vapor) can be related to the
same values within the layer (subscript “s”, i.e., surface) as follows:

T, = Ty(1 —0.33 TI);
Ny = Ny(Ty)/(1 + 2.2 T); (3.39)

1-03311

v = NykpgT, = T)——,
p vKB Ds( S)1+2.2H

where the Mach number T1 determines the expansion velocity v, of the species
beyond the Knudsen layer: in general v, = Ilcs, where c; is the speed of sound. For
a vapor expanding in vacuum, IT = 1 [73], but if the laser irradiation takes place
in a gaseous medium, IT (with 0 < IT < 1) must be calculated theoretically or
measured experimentally [61].

3.5.2 Recondensation

Using (3.39) and considering the vapor as an ideal gas, it can be verified that the
vapor beyond the Knudsen layer is strongly supersaturated. In fact:

Ny = Ny(Ty)/(1 + 2.2 1) > Ny(Ty) = p(1,)/ ks Ty
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Fig. 3.6 Ratios of the vapor pressures within and beyond the Knudsen layer (dashed line) and
the densities of the vaporized species obtained from the Anisimov analysis and from Clausius-
Clapeyron equation (solid line) as a function of the Mach number for a silicon surface at 3,500 K

An example is reported in Fig.3.6. The ratios N,/Ns(Ty) and py/ ps(Ts) for a
silicon target at 7g = 3,500 K are plotted as a function of the Mach number IT.

The supersaturation is always present (Ny/Ns(Ty) > 1), and it is much stronger
for high values of IT (i.e., for low ambient pressures). Therefore, the recondensa-
tion of the evaporated species may start beyond the Knudsen layer. Besides, in the
presence of a reactive atmosphere, the chemical reaction between the vapor and
the ambient gas might lead to the formation and the subsequent condensation of
chemical compounds. The pressure acting on the target surface is the pressure inside
the Knudsen layer, that is the saturated vapor pressure p; at the temperature 7, given
by the Clausius-Clapeyron equation (3.29). For silicon at T, = 3,500 K, we have
ps(Ts) ~ 10% bar. The dramatic effect of the surface temperature on the saturated
vapor pressure is illustrated in Fig. 3.7: the surface temperature profiles of the sili-
con target already shown in Fig. 3.4 have been used to compute the vapor pressure
vs. time according to the Clausius-Clapeyron equation.

A moderate increment of the surface temperature from 3,000 to 3,500K leads to
the enormous increase of the vapor pressure from 10 bar to almost 160 bar for a time
interval comparable to the pulse duration (tpyse = 55ns).

3.5.3 Plasma Formation

When the laser irradiance is high enough (> 10° W/cm?), the vapor or the ambi-
ent gas can become ionized, and properly described as a plasma. Within a gas at
temperature 7, the collisions between thermal electrons and vaporized species pro-
duce a certain degree of ionization given by the Saha equation [61]. The ionized
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Fig. 3.7 Influence of the Si surface temperature on the saturated vapor pressure (the temperature

profiles shown in Fig. 3.4 have been used to calculate the vapor pressures)

gas strongly absorbs the laser radiation and expands within the laser beam channel,
thus shielding the substrate from the laser light. The propagating plasma is gen-

erally termed LSAW. If the LSAW moves with subsonic velocity with respect to
the ambient medium, it is called laser-supported combustion wave (LSCW). As the

laser intensity increases, the LSAW can exceed the sound speed becoming a laser-
supported detonation wave (LSDW). The typical irradiance necessary to ionize a gas
with a free propagating laser (i.e., without any target) is of the order of 10° — 10!!
W/cm?, but it can decrease by several orders of magnitude in front of a solid or lig-
uid target [28, 61]. The theories of LSC and LSD waves have been developed in the
Seventies [6, 75—77] obtaining quantitative evaluations of the propagation velocity
of the wave front and the pressure behind it. In the case of LSC wave, the laser-
light is absorbed within the plasma and dissipated in the ambient medium via heat

conduction and thermal radiation. The energy balance can be written as [77]:
(3.40)

kAT /d = d(aplo — J'),

where k° is an effective thermal conductivity, a, is the absorption coefficient of the

plasma, AT is the temperature jump across the LSC wave, d is the thickness of the
wave front, I, is the laser irradiance, and J!°* is the volumetric energy loss [J/em3
s] of the plasma, due to radiation/conduction. Using the heat transport equation, we

obtain [77]:

aT
Cgas? = CgasVLSC E = VLSCCgaST

AT

AT

— keff

d2



3 Laser-Material Interactions 39

where Cy, is the specific heat of the hot gas, while visc is the velocity of the wave
front. Using (3.40) in (3.41) to eliminate d, the LSCW front velocity becomes [77]:

_ keff Olplo _ Jloss (3 42)
TSCT Co | KTAT '

For intense laser beams (1o > J'°%/ ap), we have vpgc o [, 01 /2 and typical values
of 10 — 100 m/s [28]. On the other hand, if Iy &~ Jloss/ozp, we have visc ~ 0 and
the LSCW becomes a stationary wave called plasmatron [78, 79]. If the velocity
of the propagating wave exceeds the sound velocity of the medium, a supersonic
LSD wave is produced. Treating such a wave as a hydrodynamic discontinuity, and
using the conservation of mass, momentum and energy, its velocity can be estimated
as [75]:

visp = 22 = Dlo/po)'/? o 1>, (3.43)

where y is the adiabatic coefficient and pg is the mass density of the ambient gas.
The gas pressure behind the wave is [75]:

prsp = PUVESD o 1273 (3.44)
y+1 o '

Even at moderate laser irradiance /o ~ 108 W/cm? and considering air in standard
conditions (pg ~ 1.3 kg/m3 and y &~ 7/5) as a medium, we obtain vy gp & 10* m/s
and prsp ~ 5 x 102 bar.

Itis clear that in both cases of pure vaporization or plasma formation, the pressure
acting on the target surface is of the order of 10? bar, and the melt can be heated
well above the boiling point. Such high pressures acting on the surface might give
rise to strong hydrodynamic motion (convection, piston effect) of the molten layer.

3.5.4 Laser Supported Absorption Waves

The vapor formed by intense laser irradiation plays an important role in laser mate-
rial treatment. The range of irradiances where evaporation is achieved stretches from
some 103 W/cm? to the highest realized irradiances of 102! W/cm? [5, 80, 81]. It
is clear that many physically distinct regimes are found in this enormous energy
range. At relatively low irradiances (below 10® W/cm?), the vapor is tenuous and
essentially transparent, but with increasing irradiance it becomes supersaturated.
Between roughly 107 and 10'® W/cm? and depending on the wavelength, the vapor
becomes partially ionized and absorbs a substantial fraction of the laser energy. On
the other hand, radiation re-emitted from the vapor plasma may heat the solid very
efficiently [8].

If the vapor becomes ionized and absorbs part or all of the incident irradia-
tion, the energy is converted into internal energy of the plasma, radiated away as
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thermal radiation or consumed in hydrodynamic motion. This plasma forms close
to the evaporating surface, and the temperature and degree of ionization depend
on the incident irradiance. If an absorbing gas plasma has formed, an interest-
ing effect is observed. The plasma expands from the surface and moves towards
the incoming laser beam. Such a propagating plasma is called LSAW. LSA waves
are generally divided into several regimes: Laser Supported Combustion (LSC),
Laser Supported Detonation (LSD), and Laser Supported Radiation (LSR). All these
and the related phenomena are extensively described theoretically in the literature
[6, 8, 73,75, 76, 82-87], but experimental results are rarely found. The two most
important regimes are divided according to the propagation velocity of the plasma
front, i.e., if the latter is subsonic or supersonic with respect to the gas. The weakly
absorbing subsonic variation is called LSCW. The absorbing plasma heats and com-
presses the surrounding gas by expansion and thermal radiation until this hot and
compressed gas itself becomes an absorbing plasma. Under these condition, the
absorption front is moving towards the laser beam, because the metal surface is
blocking its propagation in the opposite direction. For this case, a stationary plasma
above the surface is formed. A similar behavior is valid for the LSD wave, except
that there the plasma front is moving with supersonic velocity and the laser radiation
if fully absorbed in the plasma front. The theory of LSC and LSD waves was for-
mulated by Raizer [6], who calculated the plasma surface pressure (plasma pressure
acting at the surface) caused by the LSD waves to be:

2y
LSD _ 22 -DP3 [y + 1771 1/3 2/3 3.45
s = v+ 1 2y Po 1o (3.45)
and the velocity of the LSD wave v;5P to be:
7,7Y/3
VLS — [2(;/2 - 1)p—°] . (3.46)
0

For the LSC wave [82, 83, 88] the surface pressure is:

1/3,2/3
o 1o’

(3.47)

with W being a dimensionless particle velocity, W = 0.009 - 102 /3 for Ip in
MW/cm?. The wave velocity is:

Lsc:[l_ 2W][V0+1]1/3[ (y— D@y +1) ]2/3
* Yo —1 2 (y +W)(yo—1-2W)

(3.48)

VESC — (W 4 1) [ 2(y = D(yo— 1) 10]1/3

o+ Dy +W)po—1-2W) p

where yp = 1.4 and y = 1.2 are the adiabatic exponents for the surrounding gas
and the metal vapor, respectively.
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For the irradiation with 4 J/cm?, i.e., for an irradiance of 7.27 x 107 W/cm?, taken
as constant for 55ns, a LSC pressure of p-S¢ = 48 MPa is derived. This is in
agreement with experimental results given by Schutte [89].

Reilly et al. [90] developed a model for the temporal behavior of the plasma
pressure in a LSC wave. They estimated the time when the rarefaction fans from the
sides and the top reaches the surface and thus lower the plasma surface pressure.
For the modeling of the temporal behavior of the plasma pressure acting at the sur-
face, Reilly et al. used a two-dimensional model [90], which takes into account the
expansion of the plasma at its lateral borders. During expansion, zones with lowered
pressures are formed, and they move inwards with the sound velocity cg inside the
plasma. The time t,p, which is needed by the lateral rarefaction fans to reach the

center is given by:
r
wp = 2, (3.49)
cs
where r, is the radius of the laser spot (here assumed circular) and the sound velocity

cs is given by:

1/2
T e e ) (.50
S 00 W yo+1

A second rarefaction wave is starting when the laser pulse ends at time 7, and the
shock wave is no longer heated by the laser beam, but is still expanding and cooling.
The rarefaction then needs the time 7,:

T, =1y + v, /eg5¢ (3.51)

to reach the metal surface. In conclusion, the development of the plasma pressure
ps(t) in time, acting at the surface, is characterized by the three times t,, 7, and
op. If we assume a LSC wave, different cases have to be regarded, depending on
the order of these times. For the present case with the values of I = 72 MW/cm?2,
po = 1.25g/cm3, y = 1.2, and ¥y = 1.4 a sound velocity of cs = 7,551 m/s is
obtained'. Taking the width of the laser spot as r, = 2mm, we obtain T,p = 265ns
and from (3.51) follows 7, = 113 ns. Therefore, the times order as 7, < 7, < Tp
and according to Reilly [90] the following behavior of the plasma surface pressure
at the center of the laser spot is obtained:

t<t:p@t)=rpp (3.52)
—2/3
7, <t <mp: p(t)=pp (r_) (3.53)
; \~6/5
Top <1 : p(t) = p(mp) (E) . (3.54)

! Here, a constant laser irradiance over the 55 ns pulse duration is assumed.
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It is important to note that the high pressures induced by the plasma waves is
acting for times much longer than the laser pulse duration and also larger than the
time the surface remains liquid.

3.6 Material Transport Phenomena

At laser molten metal surfaces, many mechanisms contribute to material transport
phenomena, such as convection, evaporation, and hydrodynamic motions caused
by temperature and pressure gradients [1, 8,73,91]. The pressures are produced by
the evaporation itself (recoil pressure) or by the LSAW as discussed before. The
most important mechanisms for lateral material transport in the liquid state are con-
nected to the temperature dependence of the surface tension o(7") and the piston
mechanism [1,4]. Variations of the surface tension may arise from temperature gra-
dients across the surface of the molten material. If this is due to an inhomogeneous
laser intensity profile, this is called thermocapillary effect. An approximation of the
radial component of this effect is given by Baeuerle [1],

= (3.55)

where djiq again is the melting depth, AT the lateral temperature difference, 7, the
dynamic viscosity of the material, d;, the diameter of the laser spot and do/dT the
temperature dependence of the surface tension. An upper limit for the velocity viy as
calculated with the values do/dT = —5 x 107 N/(m K), dp = 2mm, diig = 1 pm,
Ny = 6.9 X 1073 Pa-sand AT = 4,700K, yields viy =~ 0.2 m/s.

There are two other main mechanisms of material removal in the beam interac-
tion zone: (a) melt ejection by the vaporization-induced recoil pressure and plasma
pressure and (b) melt evaporation (high power or short pulses) [92]. At moderate
temperatures above the melting temperature, the vaporization recoil and plasma
pressure are the primary factors for the material transport out of the laser beam inter-
action zone under the regime of hydrodynamic flow. At higher surface temperature
(higher fluences), the melt removal due to evaporation exceeds the hydrodynamic
mechanism. The mechanisms of the propagation of the evaporation front were
considered in detail by Anisimov and Khokhlov [73].

The vapor particles escaping from a hot surface have a Maxwellian velocity dis-
tribution corresponding to the surface temperature, but their velocity vectors all
point away from the surface. This anisotropic distribution is brought to equilibrium
within a few mean-free paths by atomic collisions (Knudsen layer) [86, 93-96].
Some of them are also scattered back to the surface and are then contributing to
the recoil pressure [92], which is in the order of the saturated vapor pressure [73].
Beyond this Knudsen layer, the vapor reaches a new internal equilibrium with homo-
geneous velocity distribution, but with a different temperature. Poprawe [86] made
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a detailed calculation of the recoil pressure p;. For the irradiation with 4 J/cm?2, for
example, we achieved p, = 2.9 x 107 Pa, when using his parameterizations.

As just discussed, a high plasma pressure and the recoil pressure are acting at the
liquid surface inside the laser spot of length ¢ and width b. This pressure difference
to the ambient pressure Ap is acting as a piston and moves material from the center
through the sides out of the melt pool. This causes a lowering of the surface by the
piston.

The problem was treated by von Allmen [4, 8] and also by Luft et al. [97] for
pulsed laser drilling. They assumed a non-viscous and incompressible melt and the
pressure distribution was approximated by a “ top hat” profile with pressure pg+ Ap
inside the laser spot of radius r, and ambient pressure po outside. Then, the radial
velocity of the melt extraction follows from the volume work:

2A
Vit = ,/7” (3.56)

where p is the density of the liquid (p = 7 g/cm?) and Ap is the pressure difference
which is given by the sum of plasma pressure and recoil pressure Ap = p, + p;.
With p, = 2.9 x 107 Pa and pp = 4.8 % 107 Pa, this yields vy = 148 m/s, which
has to be compared to a lateral velocity v, ~ 0.2m/s, induced by the Marangoni
convection [1]). Thus, the piston mechanism should be the dominant mechanism
for the lateral material transport.

The liquid escapes through the perimeter of the melt pool and if the two streams
of melt extraction and new laser melting are in a stationary state, i.e., u is describ-
ing the velocity of the lowering piston, by assuming a rectangular laser spot with
dimensions a@ x b and the pressure being constant inside the laser spot, we obtain:

I./lat = Vpist < 2(a + b) dliq PViat = a b pu. (357)

The thickness of the melt dijy was estimated [8] to be:

k (T
diq = —In (—") : (3.58)

so that for the velocity of the piston movement u follows:

1/4
o \/2((1 +b)k In(Ty/ Tw) (2AP) . (3.59)

a-b o

Since the numerical simulation for the melting depth djiq has been performed,
it is much more accurate to use this for the calculation of the piston effect. From
(3.57), we can extract the following expression for the total piston movement or
surface lowering AzP™' during the laser pulse:

. fiq Q. b) - dy,(t 2A
AZPIStZ/ 12:@th) dig@ 280 g (3.60)
0

a-b P
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For example by using p = 7 g/cm3, area A = a x b = 2 x 3mm? and a pressure
difference Ap = (4.8 + 2.9) x 107 Pa, we calculate for ¢ = 4J/cm? with the
simulation given above a piston effect of AzP*' = 12(4) nm/pulse.

Also turbulences or bifurcations may play an important role for a fast material
transport. During carburizing of iron by irradiation with a CO, laser in propane,
carburized layers of about d ~~ 10 pum have been found, where the thickness and
homogeneity of these layers could not be explained with diffusion in the liquid state
alone [98]. Also during the nitrification of Ti by irradiation with an ns excimer laser
in nitrogen atmosphere, a significant influence of turbulences for the transport of the
nitrogen is expected [99, 100]. These turbulences in the liquid surface may evolve
from pressure gradients, produced by local changes in the plasma density or the
temperature [101]. The number of turns of a turbulence during irradiation is approx-
imated [101, 102] via the lateral material velocity vi, and the pulse duration t,. It
follows a traveling distance As = vyt for a surface element. The lateral extension
avifure Of the bifurcation is approximated by the periodicity of the structures at the
surface after the irradiation [98,102]. As an example, for a velocity of v,y = 124 m/s
and with 7, = 55 ns, a moving distance of As = 12 pum is approximated.

3.7 Conclusions

The chapter shows the fundamental physical processes taking place during irra-
diation of materials with lasers. Heating and vaporization have been explained in
relation to interaction times and have been calculated by means of heat transfer
modeling and the Knudsen layer model. Lattice dynamics, electron-phonon cou-
pling, phase transitions, and electromagnetic wave propagation have been described
and related to the material properties. Plasma development and the formation of
shock waves were shown too. The describing formulation offers additional infor-
mation about reacting pressure induced forces and recondensation effects. Transport
phenomena like convection or melt ejection (Piston effect) have been explained as
well. Summarized, the chapter gives a detailed insight into the physics occurring
during laser material interaction.
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