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We present a theoretical investigation of the ultrafast processes and dynamics of the produced excited carriers
upon irradiation of silicon with femtosecond pulsed lasers in the mid-infrared (mid-IR) spectral region. The
evolution of the carrier density and thermal response of the electron-hole and lattice subsystems are analyzed
for various wavelengths λL in the range between 2.2 and 3.3 μm, where the influence of two- and three-photon
absorption mechanisms is explored. The role of induced Kerr effect is highlighted and it manifests a more
pronounced influence at smaller wavelengths in the mid-IR range. Elaboration on the conditions that lead to
surface plasmon (SP) excitation indicate the formation of weakly bound SP waves on the material surface. The
lifetime of the excited SP is shown to rise upon increasing wavelength, yielding a larger one than that predicted
for higher laser frequencies. The calculation of damage thresholds for various pulse durations τp shows that
they rise according to a power law (∼ τ ζ (λL )

p ) where the increasing rate is determined by the exponent ζ (λL ).
Investigation of the multiphoton absorption rates and impact ionization contribution at different τp manifests a
lower damage for λL = 2.5 μm compared to that for λL = 2.2 μm for long τp.
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I. INTRODUCTION

Over the past decades, the use of ultrashort pulsed laser
sources for material processing and associated laser-driven
physical phenomena has received considerable attention due
to the important technological applications, in particular in
industry and medicine [1–10]. Various types of surface struc-
tures generated by laser pulses and, more specifically, the
so-called laser-induced periodic surface structures (LIPSS) on
solids have been studied extensively [11–25].

A key characteristic of the physical processes that account
for the formation of LIPSS is that they were explored for laser
pulses in a region between the visible and near-infrared spec-
trum (λL < 1.5 μm) [26–31]. Nevertheless, to the best of our
knowledge, laser machining in the mid-IR (λL > 2 μm) is a
rarely explored field [32,33]; the motivation to investigate the
response of the irradiated semiconductor and relevant surface
effects in the mid-IR region originates from the challenging
opportunities in photonics for mid-IR radiation [34–39]. A
fundamental question is whether the underlying physics that
characterizes laser-matter interaction for mid-IR differs from
that at lower spectral regions [40–46]. One characteristic
example is that the proposed physical mechanism for the
formation of subwavelength LIPSS (i.e., surface plasmon
excitation-based mechanisms [15,30]) appears to behave dif-
ferently if mid-IR sources are used [34]; for instance, the
response of plasmons in the visible spectral region is largely
dominated by (ohmic) losses in metals and the reaction time of
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the electrons. The former is closely related to the fact that the
optical field of surface plasmons is weakly bound at mid-IR
irradiation [34], unlike the confinement at visible wavelengths
with direct implications in the energy absorption [47,48] and
potential applications. Therefore, from both a fundamental
and application point of view, it is important to explore the
multiscale physical phenomena that take place for irradiation
in the mid-IR regime.

To account for the influence of mid-IR photons on the
physical processes, a number of critical factors should be
considered: (i) the transparency of the material at larger λL

[34], (ii) the significance of nonlinear processes such as Kerr
effect or multiphoton absorption [35,36,49], (iii) the role of
the wavelength in the modulation of the optical parameters,
and (iv) the spatial and temporal width of an excited surface
plasmon (SP) field in mid-IR. In this context, an interesting
question that needs to be explored is whether SP excitation
can be performed at substantially lower free-carrier densities
or laser-beam energies.

The main focus of this study is to investigate the interaction
of silicon (Si) with mid-IR femtosecond pulses, evaluate the
variation of the optical properties of the material due to Kerr
effect, quantify characteristics of the excited SP, and correlate
irradiation conditions with surface damage. To this end, we
present an extension of the well-established theoretical model
that describes ultrafast dynamics in semiconductors, to ac-
count in this case for Si, for excitation and electron-phonon
relaxation upon irradiation with ultrashort pulsed lasers in
mid-IR in the range 2.2 � λL � 3.3 μm (Sec. II). A detailed
analysis of the results that the theoretical model yields is
presented in Sec. III by estimating the optical parameter varia-
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tion, damage thresholds, and SP wave periodicities in various
laser conditions. Furthermore, an analytical description of the
spatial and temporal features of the SP waves excited with
mid-IR pulses will be provided. Concluding remarks follow
in Sec. IV.

II. THEORETICAL MODEL

A. Energy and particle balance equations

Following irradiation of Si with mid-IR femtosecond
pulses in the range 2.2 � λL � 3.3 μm, it is assumed that
two-photon and/or three-photon absorption mechanisms are
sufficient to excite carriers from the valence to the conduction
band, while higher-order photon processes are less likely
to occur. The latter become important at even higher laser
wavelengths; however, it is beyond the scope of the current
work to include those laser frequencies. On the other hand,
(linear) free-carrier photon absorption can increase the elec-
tron energy (but not the number of the excited carriers), while
Auger recombination and impact ionization processes lead to
decrease or increase of the carriers in the conduction band,
respectively.

To describe the carrier excitation and relaxation processes,
the relaxation-time approximation to Boltzmann’s transport
equation [15,30,40,50–52] is employed to determine the spa-
tial (�r = (x, y, z)) and temporal dependence (t) of the car-
rier density number, carrier energy, and lattice energy. The
carrier system is assumed to be nondegenerate (i.e., Maxell-
Boltzmann distributed) as the adoption of a more rigorous
approach is not expected to lead to substantial differences in
the evaluation of the main observable effects (i.e., damage
thresholds [51]). Based on this picture, the following set of
coupled (nonlinear) energy and particle balance equations is
used to derive the evolution of the carrier density number Ne,
carrier temperature Tc, and lattice temperature TL,

Cc
∂Tc

∂t
= −Cc

τe
(Tc − TL ) + S(�r, t ),

CL
∂TL

∂t
= �∇ • (KL

�∇TL ) + Cc

τe
(Tc − TL ),

∂Ne

∂t
= βTPA

2h̄ωL
I2(�r, t ) + γTPA

3h̄ωL
I3(�r, t )

− γ Ne
3 + θNe − �∇ • �J, (1)

where Cc (CL ) is the carrier (lattice) heat capacity, ke (kh)
are the heat conductivities of the electron (holes), h̄ωL stands
for the photon energy, βTPA and γTPA correspond to the two-
and three-photon absorption coefficients, respectively, γ is the
coefficient for Auger recombination, θ is the impact ionization
coefficient, and τe is the carrier-phonon energy relaxation
time. Other quantities that appear in Eq. (1) are the carrier
current density �J , the heat current density �W , and S provided
by the following expressions:

S(�r, t ) = αFCAI (�r, t ) + βTPAI2(�r, t ) + γTPAI3(�r, t ) − �∇ • �W
− ∂Ne

∂t
(Eg + 3kBTe) − Ne

(
∂Eg

∂TL

∂TL

∂t
+ ∂Eg

∂Ne

∂Ne

∂t

)
,

�W = (Eg + 4kBTe)�J − (ke + kh)�∇Te,

�J = −D

(
�∇Ne + Ne

2kBTe

�∇Eg + Ne

2Te

�∇Te

)
, (2)

where αFCA is the free-carrier absorption coefficient,
D stands for the ambipolar carrier diffusivity, and kB

stands for the Boltzmann constant. Values of all param-
eters and coefficients used in this work are presented in
Refs. [15,30,35,40,49–51,53–58] and Table I [59]. In previous
studies, simulations manifested that although heat dissipation
and particle transport are expected to increase the damage
threshold predictions (results were given for λL = 800 nm and
τp < 1 ps [40,50,51]), neglecting these effects does not pro-
duce substantial changes to the material response. Neverthe-
less, in the current work, to perform a rigorous approach, the
complete model was used although it is computationally more
demanding (simulations details are described in Ref. [59]).
This is due to the fact that energy dissipation away from
the surface initially leads to a carrier decrease compared to
when carrier transport is ignored. On the other hand, the
transient energy gap (i.e., �∇Eg in �J) has been shown to yield
higher carrier densities at later times due to an effective carrier
confinement [40,60]. In previous reports, it was shown that a
precise investigation should include the influence of carrier
confinement [60] and, therefore, in this study the roles of both
carrier transport and transient energy gap are incorporated into
the model to evaluate the interplay of the two mechanisms.

The energy flux I (�r, t ) at a given thickness z inside the
target [Eqs. (1) and (2)] is obtained by considering the laser
energy propagation loss due to two-photon, three-photon, and
free-carrier absorption, respectively [40],

∂I (�r, t )

∂z
= −αFCAI (�r, t ) − βTPAI2(�r, t ) − γTPAI3(�r, t ), (3)

assuming that the laser beam is Gaussian both temporally and
spatially, while the transmitted laser intensity at the incident
surface is expressed in the following form:

I (x, y, z = 0, t ) = 2
√

ln 2Ep[1 − R(z = 0, t)]√
πτp

e
−
(

2(x2+y2 )

R2
0

)

× e−4 ln 2
(

t−t0
τp

)2

, (4)

where Ep is the fluence of the laser beam and τp is the
pulse duration (i.e., full width at half maximum), R0 is the
irradiation spot-radius (distance from the center at which
the intensity drops to 1/e2 of the maximum intensity), and
R is the reflectivity while irradiation under normal incidence
was assumed.

B. Optical properties of the irradiated material

The computation of the optical properties of the irradiated
solid is derived from the dielectric constant of the material
ε′ [53],

ε′ = 1 + (εun − 1)

(
1 − Ne

Nv

)
− ec

2Ne

ε0ωL
2

1(
1 + i 1

ωLτcol

)
×

(
1

m∗
e−cond

+ 1

m∗
h−cond

)
, (5)

where εun is the dielectric constant of the unexcited material at
λL (for λL � 2.5 μm [57] and for λL � 2.5 μm [58]), ec is the
electron charge, m∗

e−cond = 0.26 me0 and m∗
h−cond = 0.37 me0
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are the optical effective masses of the carriers [40,51] for
conductivity calculations, me0 is the electron mass, ε0 is the
permittivity of vacuum, Nv corresponds to the valence-band
carrier density (∼5 × 1022 cm−3), and τcol stands for the
carriers (electron-hole) collision time. In previous reports,
more complex expressions were used [51] to compute τcol

through the inclusion of the influence of the electron-phonon,
hole-phonon, and electron-hole collisions. More specifically,
theoretical predictions showed that the choice of carrier col-
lision frequency used in the Drude model strongly influences
the calculated damage threshold. Nevertheless, in the current
work, a constant value, 1/τcol ∼1.5 × 1014 s−1, is assumed as
used in other works [15,30,61]; this choice of the collision
frequency will be used to test the theoretical predictions
against experimental observations in Sec. III.

The reflectivity and free-carrier absorption coefficients are
given by the following expressions:

αFCA(x, y, z, t ) = 2ωLk

c
,

(6)

R(x, y, z = 0, t ) = (1 − n)2 + k2

(1 + n)2 + k2
,

where c stands for the speed of light, while n and k [n = n0 +
n2I , ε = (n + ik)2] are the refractive index and extinction
coefficient of the material, respectively [62],

ε = ε′ + εKerr,

εKerr = 2n0n2I + (n2I )2, (7)

while n2 is the Kerr coefficient that corresponds to the non-
linear part of the refractive index due to the Kerr effect. It is
related to the real part of the primary third-order susceptibility
χ (3)′ through the following expression [49,63]:

n2 = 3

4ε0c[n0(Ne)]2 Re(χ (3)′ ), (8)

while n0 stands for the refractive index for n2 = 0.
The computation of Re(χ (3)′ ) is performed by following

a fitting procedure on the averaged experimental data [49] in
Refs. [35] and [54] [Fig. 1(a)], while Eqs. (5) and (8) indi-
cate a carrier-density-dependent Kerr coefficient [Figs. 1(b)
and 1(c)]. Results show significantly large values for the
Re(χ (3)′ ) and n2 within the spectral region explored in this
work (2.2 � λL � 3.3 μm), especially for low [Fig. 1(b)] and
high [Fig. 1(c)] carrier density and, therefore, it is important
to explore the role of the nonlinear part of the refractive index
in the optical and thermal response of the material.

III. RESULTS AND DISCUSSION

A. Impact of Kerr effect on ultrafast dynamics

The ultrafast dynamics and the thermal response of the
heated material is investigated at three representative laser
wavelengths λL (2.2, 2.5, and 3.3 μm) for τp = 100 fs for
(peak fluence) Ep = 100 mJ/cm2. The selection of the wave-
lengths was based on the excitation properties at these wave-
lengths; more specifically, βTPA �= 0 at 2.2 μm, while three-
photon absorption dominates the carrier excitation at 2.5 and
3.3 μm. Based on the fact that the influence of the Kerr effect
is more pronounced at lower laser wavelengths (Fig. 1), the
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FIG. 1. (a) Computation of Re(χ (3)′ ) as a function of the wave-
length [35,49,54]. The dependence of the Kerr coefficient on λL and
Ne is illustrated for (b) low and (c) high carrier densities.

range of laser frequencies for which the nonlinear part of
the refractive index becomes significant should be highlighted
[49]. It is evident that as the laser wavelength decreases, the
impact of the Kerr effect is also expected to affect the ultrafast
dynamics and thermal response. First, the nonlinearity of
the material’s refractive index leads to a variation of the
absorbed energy and the temporal evolution of the reflectivity
[Figs. 2(a) and 2(b), for λL = 2.2 μm]. This variation is more
pronounced at smaller wavelengths [Fig. 2(c)], while at larger

195201-3



PETRAKAKIS, TSIBIDIS, AND STRATAKIS PHYSICAL REVIEW B 99, 195201 (2019)

10
−1

10
0

10
1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Time [ps]

R
ef

le
ct

iv
ity

 

 

n
2
=0

n
2
≠0

Laser Intensity

(a)

10
−1

10
0

0

0.2

0.4

0.6

0.8

1

Time [ps]

T
ra

ns
m

itt
ed

 In
te

ns
ity

 [A
rb

.U
ni

ts
]

 

 

n
2
=0

n
2
≠0

Laser Intensity

(b)

2.2 2.4 2.6 2.8 3 3.2 3.4
0

0.05

0.1

Wavelength [μm]

M
ax

(Δ
R

)

 

 

Global variance
Variance during the pulse

(c)

FIG. 2. (a) Dependence of reflectivity on the Kerr effect. The
laser intensity is sketched in arbitrary units (λL = 2.2 μm). (b)
Effect of the Kerr effect on the intensity transmitted through the
surface (λL = 2.2 μm) (normalized to 1). (c) Maximum change of
reflectivity (for n2 = 0 and n2 �= 0) as a function of the wavelength.
The solid line corresponds to variance of max(R) in the whole
range of timepoints, while the dashed line represent max(R) up to
the timepoint where the laser intensity is maximum (Ep = 0.1 J/cm2

and τp = 100 fs, at x = y = z = 0).
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FIG. 3. (a) Evolution of Te, TL , Ne for n2 �= 0 (at x = y = z =
0). (b) Absorption coefficient evolution. The laser intensity in both
graphs is sketched in arbitrary units (Ep = 0.1 J/cm2, τp = 100 fs,
λL = 2.2 μm).

wavelengths in the mid-IR region (� 3.3 μm), the Kerr effect
is weaker and therefore it does not substantially affect the
energy absorption. This behavior is illustrated both for small
(up to the moment when the laser intensity is maximum)
and for larger time ranges. It is noted that the reflectivity
initially decreases during the pulse duration as the carrier
density increases; then, its value ascends rapidly before the
end of the pulse, followed by a fast decrease and a final slow
increase to the initial value [Fig. 2(a)]. Similar evolution has
been reported for lower wavelengths [29,40,53].

The evolution of the carrier density and the carrier and
lattice temperatures are illustrated in Fig. 3(a). The max-
imum of Te and Ne occurs shortly after the peak of the
pulse. Interestingly, at low intensities (near the left tail of
the Gaussian pulse), the carrier temperature does not exhibit
a similar behavior to that demonstrated for silicon or other
semiconductors (i.e., “a clamped region,” which is represented
by an initial increase followed by first a slight rise and then a
sharp increase) [15,29,40,50,51]. This is due to the fact that
the initial rise is attributed first to a single-photon absorption
(which is absent for laser-beam frequencies in the mid-IR
range) and second to a free-carrier absorption which, for
low intensities, is zero for excitation with mid-IR pulses at
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FIG. 4. (a) Dependence of evolution of Ne on the Kerr effect.
The laser intensity is sketched in arbitrary units (λL = 2.2 μm).
(b) Percentage of change of max(Ne) (for n2 = 0 and n2 �= 0) as
a function of the wavelength. The maximum Ne is also illustrated
(Ep = 0.1 J/cm2 and τp = 100 fs at x = y = z = 0).

small timepoints. In regard to the latter, Fig. 3(b) illustrates
that αFCA gradually increases to nonzero values during the
pulse duration, yielding a penetration depth which drops to
∼62.5 nm when the laser is turned off. The rise of αFCA due
to the increase of the excited carrier density is expected to
influence the amount of the absorbed energy. On the other
hand, the relatively large free-carrier absorption at the end of
the pulse combined with the large absorption depth through
direct (two- and three-photon) absorption mechanisms sug-
gest that there is not sufficient time for the carrier and heat
transport terms to substantially change the carrier distribution
that has been produced. Hence, neglecting the diffusion terms
in Eqs. (1) and (2) is not expected to yield different overall
behavior of the thermal response of the irradiated material.

Simulations results show that the Kerr effect always leads
to larger (maximum) values of Ne [Fig. 4(a)]. It is evident that
due to the variable absorption levels at different wavelengths,
the induced density of the excited carriers is larger if the
nonlinearities due to the Kerr effect are included in the model
[Fig. 4(a)]. As expected, at larger wavelengths, the Kerr

FIG. 5. (a) Dependence of evolution Te and TL on the Kerr effect.
(b) Percentage change of max(TL ) (for n2 = 0 and n2 �= 0) as a
function of the wavelength (Ep = 0.1 J/cm2, λL = 2.2 μm, and τp =
100 fs at x = y = z = 0).

effect impact on the carrier density evolution is insignificant
[Fig. 4(b)] due to the negligent influence of Kerr nonlinear-
ities. It is noted that while the carrier dynamics analysis for
smaller wavelengths (λL = 2.2 μm) yields a maximum Ne

larger by about 17% than the value obtained if the Kerr effect
is ignored, the discrepancy is rather insignificant for larger
wavelengths (λL = 3.3 μm). The decrease of the maximum
value of the carrier density with increasing λL is due to the
impact of the ionization processes: at λL = 2.2 μm, there is
a dominant two-photon absorption-assisted ionization, while
at larger wavelengths, βTPA = 0 (for λL = 2.5 μm) which
enhances the impact of the three-photon absorption. At even
larger wavelengths (λL = 3.3 μm), the main ionization mech-
anism, the three-photon-assisted ionization process becomes
very small due to the decrease of γTPA as λL increases [55].
Similar discrepancies to the one shown above as a result of the
Kerr effect also occur for the electron and lattice temperatures.
Figure 5(a) shows the rise of the lattice temperature that is
demonstrated for n2 �= 0. It is evident that the Kerr effect
causes a significantly enhanced thermal response of the ma-
terial, which is reflected by the increased lattice temperature
(∼200 K for Ep = 100 mJ/cm2 at λL = 2.2 μm, while similar
conclusions can also be drawn for different conditions). This
behavior is of paramount importance as it is expected to
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FIG. 6. Surface plasmon periodicity as a function of the (a) car-
rier density and (b) fluence at different wavelengths. (τp = 100 fs).

influence the damage threshold values. To evaluate the impact
of the laser wavelength, it turns out that the Kerr effect does
not induce any meaningful change of the maximum lattice
temperature at longer wavelengths [Fig. 5(b)]. Furthermore,
the effect on the equilibration time or the evolution of Te

[Fig. 5(a)] appears to be insignificant.

B. Surface plasmon excitation

The condition Re(ε) < − 1 [59] and the solution of
Eqs. (1)–(8) yield the value of the SP wavelength as a function
of the carrier densities and the fluence (Fig. 6) for τp = 100 fs
for λL = 2.2, 2.5, and 3.3 μm. According to the theoretical
predictions [Fig. 6(a)], a larger (maximum value of) carrier
density is required to initiate SP excitation [at Re(ε) < − 1] as
the laser wavelength decreases. On the other hand, an increase
of the laser wavelength leads to smaller overall expected vari-
ation of the SP periodicity. More specifically, a comparison
with results for larger laser frequencies (λL = 800 nm) mani-
fests that for λL = 2.2, 2.5, and 3.3 μm, an average maximum
drop of the λS yields values ∼0.91 λL which is higher than the
estimate for λL = 800 nm (∼0.78 λL). Based on the results

illustrated in Fig. 6, a large deviation of the ripple frequency
is not expected for irradiation in the mid-IR spectral region,
unlike predictions for λL = 800 nm. Furthermore, given the
impact of the absorbed energy on the production of excited
carriers, the SP periodicity was also calculated as a function
of the fluence [Fig. 6(b)]. While at λL = 3.3 μm, a larger peak
fluence is necessary to excite SP, for λL = 2.5 μm, a smaller
fluence is required compared to that for λL = 2.2 μm.

As excitation of surface plasmons and their interference
with the incident beam is regarded as the predominant mech-
anism of periodic structure formation [15,30], the range of
the computed SP wavelengths can provide an estimate of the
expected subwavelength structures on the irradiated material
for different Ne. More specifically, results illustrated in Fig. 6
indicate that subwavelength structures can be produced at
substantially lower carrier densities and fluences than those
required for pulses of periodicity equal to 800 nm. The
above investigation and significant differences of the SP pe-
riodicities produced with mid-IR and lower wavelength are
expected to provide the theoretical basis in future simulations
of LIPSS formation mechanisms with mid-IR pulses [33,64].
Although a more systematic analysis of the periodic structure
characteristics is required in the mid-IR spectral region, one
interesting prospect of the employment of such pulses is the
production (through coupling of the incident beam with the SP
[15]) of larger than 2 μm periodicity LIPSS with orientation
perpendicular to the polarization of the laser by using a small
energy dose. By contrast, LIPSS with periodicity of this size
(i.e., suprawavelength structures which are called grooves
[24]) with λL = 800 nm are produced with orientation par-
allel to the polarization of the laser with relatively higher
energy dose.

Apart from the SP wavelength, it is also important to
compare other spatial features of these surface waves, such as
their damping length, for their propagation along the surface,
decay of the SP away from the surface, as well as their
lifetime. More specifically,

(i) the range of values of the distance which the SP prop-
agates along the surface is computed by the expression L =
[2Im(

√
( εεd
ε+εd

))]−1 [48]. While for λL = 800 nm, L ranges

from 0.130 to 25 μm, substantially larger values (one order
of magnitude) between 0.830 and 193 μm, 1 and 340 μm,
and 2 and 740 μm are predicted for λL = 2.2, 2.5, and 3.3
μm, respectively [Fig. 7(a)].

(ii) On the other hand, the decay of the SP away from the
surface of the material is given by

LD= λL

2π Im
(√

ε2

εd +ε

) , (9)

for the 1/e decay of the electric field, assuming continuity
of the electromagnetic field on the surface [65]. Results il-
lustrated in Fig. 7(b) indicate a weak confinement of SP for
wavelengths in the mid-IR region compared to the calcula-
tions for λL = 800 nm. It is evident that for carrier densities
small enough but sufficiently high to initiate SP excitation,
the decay length of the SP electric field inside the material
is larger than 220 nm, which is three times the estimate for
excitation with λL = 800 nm. The increasing monotonicity of
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FIG. 7. Surface plasmon’s (a) damping length, (b) decay length,
and (c) lifetime at different laser wavelengths (τp = 100 fs).

the L at larger wavelengths manifests that the confinement can
be further weakened by using even larger laser wavelengths.
By contrast, it is noted that at higher excitation levels in
which larger carrier densities are produced, LD values are
comparable regardless of the light frequency used. The above
results demonstrate quantitatively the weak confinement of
SP on the material surface for mid-IR pulses compared
to visible wavelengths [34]; furthermore, the correlation of
the weakly bound SP with the excited carrier density can
provide significant details of the laser conditions (i.e., fluence,
pulse duration, and pulse wavelength) required to modulate
the confinement.

(iii) Finally, the lifetime of the SP is calculated by the
expression [47]

τSP = 1

2A

A = c

2

2π

λL

Re
√(

εεd
ε+εd

)
Im(ε)

Re(ε)

Re(εd )

Re(ε) + Re(εd )
. (10)

Results in Fig. 7(c) illustrate that there is an increase in the
SP lifetime if mid-IR frequencies are used compared to pre-
dictions for λL = 800 nm. Interestingly, τSP is between one to
two orders of magnitude larger for λL = 2.2, 2.5, and 3.3 μm.
More specifically, the τSP range extends to some picoseconds
for mid-IR, unlike for λL = 800 nm for which the SP lifetime
lasts up to some hundreds of femtoseconds at large Ne. A
similar increase in the SP lifetime for longer wavelengths
has been reported in previous works for metals [47]. Given
the significance of the lifetime of SP for the interference of the
incident beam with surface plasmons [15,29,42], an increase
of τSP appears to allow longer pulse temporal separation in the
double-pulse laser-assisting technique to modify the surface
profile of a material [26].

C. Damage threshold

One important parameter, both from fundamental and ap-
plied points of view, is the determination of the material
damage threshold EDT. In principle, there is an ambiguity
of the definition of the damage threshold on whether mass
removal is involved or, simply, a mass redistribution (i.e.,
due to melting and fluid transport) occurs. In the current
work, the investigation focuses on the laser conditions that
produce effects that raise the temperature of the lattice above
the melting point but material volume does not vary. There-
fore, EDT is defined as the minimum fluence required to melt
the material (TL > Tmelt ).

The dependence of EDT as a function of the pulse duration
and wavelength is illustrated in Fig. 8(a). It is noted that a
pulse-duration increase leads to a decrease of the absorbed
energy, which is also reflected on the reduced number of
excitation carriers as shown in the Supplemental Material
[59]. This behavior indicates that more energy is required to
melt the material (i.e., EDT increases). Simulation results show
that the damage threshold varies as ∼τ ζ (λL )

p for pulse durations
in the range [0.2 ps, 10 ps], where ζ (λL ) ∼0.552, 0.562,
0.553 for λL = 2.2, 2.5, 3.3 μm, respectively. Similar power-
law dependencies have been deduced for silicon and other
materials after irradiation at lower wavelengths [50,66–69].
On the other hand, it is noted that [inset in Fig. 8(a)] for τp <

200 fs, there is a deviation from the aforementioned power-
law dependency due to the influence of other characteristic
times in the heating process such as the recombination and
relaxation times. This behavior is more enhanced at lower
wavelengths, λL = 2.2 and λL = 2.5 μm.

To elaborate further on the dependence of EDT on the laser
wavelength, it is important to examine this correlation with
respect to the strength of the multiphoton excitation mecha-
nisms as well as the factors that are capable to increase carrier
excitation (i.e., impact ionization). More specifically, two dis-
tinct cases were analyzed: (i) βTPA = 0.25 cm/GW, γTPA =
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FIG. 8. (a) Damage threshold fluences EDT vs pulse duration.
The inset shows an enhanced view of EDT for τp in the range [100 fs,
500 fs] (points represent the simulated data values, while lines are
derived after fitting using a power law τ ζ (λL )

p , i.e., thick dashed line
for λL = 2.2 μm, solid line for λL = 2.5 μm, and thin dashed line
for λL = 3.3 μm). (b) Lattice temperature for two- and three-photon
absorption for λL = 2.2 μm and λL = 2.5 μm at Ep = 0.1 J/cm2

(x = y = z = 0).

0.020 cm3/GW2 (for λL = 2.2 μm), (ii) βTPA = 0 cm/GW,
γTPA = 0.0276 cm3/GW2 (for λL = 2.5 μm), and (iii)βTPA =
0 cm/GW, γTPA = 0.0017 cm3/GW2 (for λL = 3.3 μm) (Ta-
ble I [55,59]). Interestingly, previous reports on silicon
showed that for near-infrared pulses, avalanche (impact) ion-
ization processes are the driving force for surface damage,
which leads to a lower damage threshold for longer wave-
lengths [40]; that behavior could not be explained if one-
photon absorption mechanisms accounted for the damage
[70]. To investigate whether similar arguments hold for ir-
radiation with pulses in the mid-IR range, simulations have
also been carried out [59]. Results provide a compelling
proof that impact ionization itself is sufficient to explain the
initially surprising results that radiation with λL = 2.5 μm
requires less fluence to damage the material than laser sources
of λL = 2.2 μm; in contrast, for irradiation with beams of
λL = 3.3 μm in which a three-photon absorption mechanism

dominates, melting of the material occurs at higher fluences.
The effect of impact ionization contribution to the (maximum)
carrier change rate [quantity θNe in Eq. (1)] is illustrated
as a function of the laser wavelength and the pulse duration
for the damage threshold fluences. Thus, simulation results
manifest in a conclusive way that the level of carrier density
excitation due to, predominantly, impact ionization produces
different behavior for the three wavelengths at higher τp;
this justifies the aforementioned argument that avalanche
effects do contribute to higher damage thresholds for λL =
2.2 μm than for λL = 2.5 μm. To further explain the damage
threshold curves for λL = 2.2 and λL = 2.5 μm, one also
has to look at the absorption rates for the two- and three-
photon absorption mechanisms as well as the strength of
γTPA. To estimate the contribution of the two- and three-
photon absorption in the produced excited carrier distribution,
simulations have been performed for Ep = 0.1 J/cm2 for six
different pulse durations (in the range τp = 0.1 to 0.6 ps)
for λL = 2.2 and λL = 2.5 μm. Results in Fig. 8(b) illustrate
the maximum TL where simulations for the complete model
(βTPA = 0.25 cm/GW, γTPA = 0.020 cm3/GW2) are shown
for λL = 2.2 μm, and it is compared with βTPA = 0 cm/GW,
γTPA = 0.020 cm3/GW2. All cases are tested against theo-
retical results for λL = 2.5 μm (βTPA = 0 cm/GW, γTPA =
0.0276 cm3/GW2). It is evident that for irradiation with
λL = 2.2 μm, the two-photon absorption does not influence
the maximum lattice temperature for τp > 300 fs (for Ep =
0.1 J/cm2) and three-photon absorption dominates the excita-
tion from the valence to the conduction band; in contrast, it ap-
pears that the significance of the two-photon absorption rate is
more enhanced at decreasing pulse duration. Similar conclu-
sions can be reached if higher intensities can be achieved by
increasing the fluence. More specifically, at higher fluences,
two-photon processes play a more important role, which is
also projected on the produced enhanced lattice tempera-
ture with respect to the one for βTPA = 0 cm/GW, γTPA =
0.0276 cm3/GW2 for λL = 2.5 μm. On the other hand, as the
pulse duration increases and exceeds τp = 300 fs, the (almost
minimum) influence of the two-photon absorption processes
yields excitation predominantly through a three-photon ab-
sorption with γTPA = 0.020 cm3/GW2; as this value gives a
smaller three-photon absorption rate for λL = 2.5 μm, the
produced TL is expected to be smaller than that for for λL =
2.5 μm. This argument in conjunction with the enhanced
impact ionization for λL = 2.5 μm can be used to explain the
higher maximum lattice temperatures for λL = 2.5 μm than
for λL = 2.2 μm, which in turn accounts for the predicted
larger threshold for λL = 2.2 μm [Fig. 8(a)]. In contrast, the
above argument does not vary the order of the magnitudes of
λL = 3.3 and λL = 2.5 μm [Fig. 8(a)] as the three-photon ab-
sorption process for the latter wavelength is always stronger.
This is also reflected on the impact ionization contribution to
the excited carrier densities [59].

Certainly, it has to be noted that the aforementioned pre-
dictions require validation of the model with experimental
results. The results illustrated in Fig. 9 indicate a good agree-
ment of the theoretical calculations with the experimentally
measured damage threshold values [64,71] for λL = 3 μm
at τp = 90 fs. The relatively smaller damage thresholds for
p-polarized beams compared to s beams are due to the larger
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FIG. 9. Theoretical predictions of damage thresholds against ex-
perimental results for s- and p-polarized beams [64,71] (τp = 90 fs,
at 45◦ incident angle).

energy absorption for that polarization state. In contrast, for
λL = 3.6 μm at τp = 90 fs, the experimental results are not
compared with any simulated data as for this wavelength
γTPA = 0 [55], which suggests an appropriate revision of
the model is required to take into account a four-photon
absorption mechanism. This is beyond the scope of this work
as the model aims to explore the spectral region in which two-
and/or three-photon absorption mechanisms dictate the carrier
excitation. Nevertheless, as a guide for the eye, simulated
results for λL = 3.3 μm at τp = 90 fs are presented in Fig. 9.
All data and simulations in Fig. 9 correspond to irradiation
of the solid at a 45◦ angle of incidence (the evaluation of the
reflectivity of the material was computed with mathematical
expressions presented in Ref. [59]).

It is evident that a more accurate conclusion about the
validity of the model will be drawn if more appropriately
developed (for example, time-resolved) experimental proto-
cols are introduced to evaluate the damage thresholds at the
onset of the phase transition. To the best of our knowledge,
there is not a sufficient number of similar reports with exper-
imental results for the frequency range explored in this study.
Furthermore, a more systematic experimental investigation
and protocols will allow one to further test the accuracy of
the parameter values in the model (for example, collision
frequencies, effective masses, carrier-phonon relaxation time,
influence of degeneracy) for mid-IR laser pulses.

There are also some yet unexplored issues that need to
be addressed (i.e., excitation in very short pulses, structural
effects in extreme conditions, more accurate behavior in ab-
lation conditions, formation of voids inside the material after
repetitive irradiation, role of incubation effects, etc.) before a

complete picture of the physical processes that characterize
heating of silicon with femtosecond mid-IR laser pulses is at-
tained. Nevertheless, the methodology presented in this work
aimed to provide an insight into the fundamental mechanisms
in this area. Apart from the importance of elucidating the
underlying mechanisms from a physical point of view, a
deeper understanding of the thermal response of the material
as well as the characteristics of electrodynamic effects (i.e.,
lifetime and extinction length of SP) will allow a systematic
novel surface engineering with strong mid-IR fields.

IV. CONCLUSIONS

A detailed theoretical framework was presented that de-
scribes both the ultrafast dynamics and thermal response
following irradiation of silicon with ultrashort pulsed lasers
in the mid-IR range. Results demonstrated that the Kerr effect
is important at lower wavelengths (∼2.2 μm) and it leads to
substantially large deviations to the maximum lattice temper-
ature reached that affects the damage threshold. Furthermore,
it is shown that although the heated material is initially
transparent, during the duration of the pulse, the energy is
confined in a less than ∼100 nm depth.

A systematic analysis of the SP dispersion relation for mid-
IR and comparison with results upon excitation with λL =
800 nm revealed that irradiation in the mid-IR region yielded
SP that are weakly confined on the surface, exhibit longer
lifetimes, and propagate on larger areas. These features can
be potentially exploited to promote mid-IR-based technology
to produce sensors and detectors or to present new capabilities
in laser-based manufacturing.

Finally, theoretical predictions also revealed a τ ζ (λL )
p

[ζ (λL ) ∼0.55] dependence of the damage threshold for τp >

100 fs. Moreover, analysis for λL = 2.2 μm conclusively
manifests the enhanced role of the impact ionization contri-
bution at longer pulse durations, which eventually yield to a
lower damage threshold for irradiation with laser pulses of
λL = 2.5 μm. Predictions resulting from the above theoretical
approach demonstrate that unravelling phenomena in the in-
teraction of matter with mid-IR pulses can potentially set the
basis for the development of new tools for nonlinear optics
and photonics for a large range of applications.
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