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A key issue in the use of high-power mid-infrared (mid-IR) laser sources for a plethora of applications is the
investigation of the exciting laser-driven physical phenomena taking place in materials coated with dielectric
films. Here, we present a theoretical investigation of the ultrafast processes and thermal response upon excitation
of two-layered complexes consisting of fused silica thin films placed on silicon substrates with ultrashort pulsed
lasers in the mid-IR spectral regime. Through the development of a theoretical model, we demonstrate that the
control of the underlying ultrafast phenomena and the damage threshold (DT) of the substrate are achieved via
an appropriate modulation of the thickness of the SiO2 film. It is shown that a decrease of DT by up to ∼30%
compared with the absence of coating is feasible, emphasizing the impact of coatings of lower refractive index
than the substrate. The conditions for surface plasmon (SP) excitation on the interface between SiO2 and Si
and the influence of the film thickness on the SP features are also discussed as such electromagnetic modes can
initiate structuring on the interface. Our results manifested a striking impact of the presence and the coating
thickness on the SP characteristics. It is shown that the SP excitation can be tailored by changing the superstrate
thickness which also determines the competition of the air and the dielectric in the SP characteristics. These
remarkable predictions can be employed for the development of optical coatings and components for nonlinear
optics and photonics for a large range of mid-IR laser-based applications.
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I. INTRODUCTION

Irradiation of semiconducting materials (i.e., silicon or
germanium) with high-intensity femtosecond laser beams
in the mid-infrared (mid-IR) spectral region raises chal-
lenging opportunities in photonics and an abundance of
applications [1–5] due to the exciting laser-driven phenomena
compared with pulses at lower wavelengths [6–8]. The pro-
nounced transparency of semiconductors at mid-IR compared
with their behavior at the visible and near-infrared regimes
(i.e., leading to noticeable absorption dynamics [6–8]), the
excitation of electromagnetic modes such as surface plas-
mons (SPs, i.e., crucial for laser machining purposes [9] and
for functioning of the material as a plasmonic tool [4,5,10])
at lower excitation levels, and the expected influence of
the electron excitation/plasma formation through the scaling
of the ponderomotive energy Up with the laser wavelength
(i.e., Up ∼ λ2

L, where λL stands for the laser wavelength) con-
stitute some physical phenomena which are characteristic of
the mid-IR spectral region [3].

It is evident that precise knowledge of the fundamentals of
laser interaction with the target material and the elucidation of
these phenomena in various laser conditions are very crucial
for the efficient employment of mid-IR-based technology in
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various applications. A key technological and fundamental
challenge in the research of how materials respond upon
exposure to mid-IR femtosecond pulses is relevant to the de-
termination of the damage threshold (DT) of the target which
is defined as the smallest fluence that induces minimal damage
on the surface of the irradiated solid. In previous reports, DT
measurements [11,12] and predictions [9,11] were presented
in various laser conditions and wavelengths for silicon; it has
been deduced that understanding of the fundamentals of the
strong field interaction with silicon (Si) [9,13] or germanium
(Ge) [14] in the mid-IR regime can lead to efficient laser-
based patterning.

Nevertheless, despite the interesting physical phenomena
produced on bulk semiconductors irradiated with strong laser
fields, fundamental open questions still exist regarding the
effects on two-layered semiconducting/dielectric materials.
More specifically, it is evident that a lack of knowledge of
how coated materials respond to mid-IR pulses and how DT
scales with λL prevents the optimization of the use of pulses
in this regime for technological applications. Given the trans-
parency of low- and high-band-gap materials in the mid-IR
regime, Si, ZnS, Ge as well as fluorides and fused silica
(FS, SiO2) have been used as high-performance coatings for
mid-IR-related applications [15,16]. In a recent report [17],
it was shown that the employment of Si films as a coating
on top of SiO2 increases the DT of the bulk substrate, and
this behavior is dependent on the thickness of Si. Further-
more, the optical parameters of the two-layered material can
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also be modulated via an appropriate selection of the coating
thickness.

On the other hand, a key issue in the manufacturing of
optical components providing the optothermal response of
Si at long wavelengths is whether a two-layered complex,
consisting of a transparent coating of lower refractive index
than that of the semiconductor on top of bulk Si, influences the
behavior of the substrate. FS represents a well-characterized
material, and a fundamental question is pertinent to whether
SiO2 coatings of various thicknesses could result in a different
optothermal response of the Si substrate upon irradiation with
mid-IR femtosecond pulses. Thus, the evaluation of how a
SiO2/Si complex behaves can potentially lead to an increase
of the throughput of the system, allow a control of the DT
of the substrate, enable the reduction of undesired effects
generated by reflections, and cause subsurface laser-induced
modifications. It is evident that such an assessment requires
unraveling the ultrafast phenomena that take place during
irradiation of SiO2/Si with strong mid-IR femtosecond pulses.
The elucidation of these issues is of paramount importance not
only to understand further the underlying physical processes
of laser-matter interactions and ultrafast electron dynamics
but also to associate the induced thermal effects with damage
on the substrate. To this end, a systematic exploration of the
correlation of the laser parameters (i.e., fluence, pulse dura-
tion, and wavelength) and material features (i.e., thickness of
film) with the resulting effects on the surface of the substrate
are aimed to potentially create capabilities for material pro-
cessing.

Regarding the capacity for material processing, previous
reports showed that laser-induced structural modification with
laser pulses can be confined inside the volume of a mul-
tilayered stack comprising dielectric materials of different
refractive indices [18]. The fabrication of subwavelength
laser-induced modifications inside the volume of the stack
without the employment of tightly focused femtosecond laser
beams offer a methodology for micro/nanofabrication which
can benefit a variety of applications, including metalenses,
anticounterfeiting marking, waveguides, circuits, and high-
density data storage in durable materials [18–20]. Given the
transparent character of both SiO2 and Si (at mid-IR), it is in-
teresting to explore conditions to achieve similar high spatial
confinement of laser-based modification inside a two-layered
complex. By recalling that SP excitation constitutes one of
the predominant candidate mechanisms that lead to the fab-
rication of laser-induced periodic surface structures [21,22],
it is important both from fundamental and application points
of view to discuss whether SP excitation is attainable on the
interface of a two-layered material complex irradiated with
mid-IR pulses.

Motivated by the above challenges, in this paper, a detailed
theoretical investigation is conducted aiming to correlate
the ultrafast dynamics, thermal effects, DT, and SP excita-
tion on a silicon substrate in various laser conditions and
SiO2 coating thicknesses. The paper is organized as fol-
lows: in Sec. II, a detailed theoretical framework is presented
to describe the physical processes that occur upon irradia-
tion of SiO2/Si with a mid-IR femtosecond laser, and the
simulation procedure is described in Sec. III. A system-
atic analysis of the results and discussion are illustrated in

FIG. 1. A two-layered complex [a SiO2 film of thickness d on
top of bulk Si irradiated with a mid-infrared (mid-IR) laser pulse].

Secs. IV and V, respectively, while concluding remarks follow
in Sec. VI.

II. THEORETICAL MODEL

A key role in the elucidation of the effects that lead to ma-
terial damage is the energy absorption from the two-layered
material; the composition of the complex and thickness of
the constituent materials are aimed to tailor the optical pa-
rameters and, therefore, determine the amount of absorbed
energy. Thus, a crucial investigation requires the evaluation
of the optical properties of SiO2/Si structures for various
thicknesses d of the SiO2 coating. In Fig. 1, the two-
layered complex SiO2/Si irradiated with mid-IR pulses is
sketched.

The calculation of the reflectivity R, transmissivity T, and
the absorbance 1-R-T are derived via the employment of
the multiple reflection theory [23]. More specifically, the
following expressions are employed to evaluate the optical
parameters for a thin film placed on a thick substrate assuming
a p-polarized beam, although other polarization states can also
be included (at room temperature [23,24]):

R = | rdl |2, T = |tdl |2ÑS, rdl = ram + rmSe2β j

1 + ramrmSe2β j
,

tdl = tamtmSeβ j

1 + ramrmSe2β j
, β = 2πdÑm

λL
,

ram = Ñm − Ña

Ñm + Ña
, rmS = ÑS − Ñm

ÑS + Ñm
, tam = 2Ña

Ñm + Ña
,

tms = 2Ñm

ÑS + Ñm
, (1)

where the indices a, m, and S stand for air, SiO2, and Si,
respectively. The refractive indices of the materials such as air,
Si, and SiO2 are equal to Ña = 1, ÑS , and Ñm, respectively,
at the laser wavelength λL. Following the precise evaluation
of the portion of the energy absorbed from the SiO2/Si com-
plex, the next component of the theoretical model is related
to the description of ultrafast phenomena in the SiO2 and Si
materials.

A. Ultrafast dynamics in SiO2

To describe the free electron generation in SiO2 upon
excitation with ultrashort mid-IR pulsed lasers, a standard
model of two rate equations [Eq. (2)] is used; these single
rate equations yield both the evolution of the excited electron
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and self-trapped exciton (STE) densities, Ne and NSTE [25,26],
respectively:

dNe

dt
= NV − Ne

NV

[
W (1)

PI + NeA(1)]
+ NSTE

NV

[
W (2)

PI + NeA(2)] − Ne

τtr
,

dNSTE

dt
= Ne

τtr
− NSTE

NV

[
W (2)

PI + NeA(2)], (2)

where NV = 2.2 × 1022 cm−3 stands for the valence electron
density. In Eq. (2), the STE states are considered to be centers
situated at an energy level below the conduction band (CB)
[i.e., E (2)

G = 6 eV]; it is recalled that, for SiO2, the band gap
between valence band (VB) and CB is E (1)

G = 9 eV [25,27],
while τr ∼ 150 fs [28] stands for the trapping time of elec-
trons in STE states. In the above framework, photoexcitation
assumes photoionization [W (i)

PI , which can be due to multi-
photon, tunneling, or multiphoton/tunneling ionization] and
impact ionization processes (i.e., A(i) stands for the avalanche
ionization rate) which can allow a transition from VB to
CB (i = 1) and from STE level to CB (i = 2). As shown in
previous reports [28–30], the electron excitation mechanisms
are dependent on the laser intensity I. In the present model,
an attenuation of the local laser intensity due to the photoion-
ization and inverse bremsstrahlung (free carrier) absorption
along the depth z of the dielectric is considered and described
by Eq. (3):
dI

dz
= N (1)

ph h̄ωL
NV − Ne

NV
W (1)

PI + N (2)
ph h̄ωL

NSTE

NV
W (2)

PI − α(Ne)I,

I = [1 − R(t ) − T (t )]
2
√

ln2√
πτp

Fexp

[
−4ln2

(
t − 3τp

τp

)2
]
,

(3)

where N (i)
ph stands for the minimum number of photons re-

quired to be absorbed by an electron located in the VB (i = 1)
or the band where the STE states reside (i = 2) to overcome
the relevant energy gap and reach the CB. For the sake of
simplicity, films of thicknesses which are remarkably smaller
than the size of the spot radius of the laser beam are consid-
ered, which allows us to model the multiscale processes in
one dimension (along the z axis). On the other hand, F and
ωL correspond to the laser fluence and frequency. Finally, the
last term in the first equation in Eq. (3) corresponds to the
inverse bremsstrahlung, while the carrier-density-dependent

parameter α corresponds to the free carrier absorption co-
efficient. It is noted that the parameters R and T are
time-dependent variables, as carrier excitation influences their
evolution.

B. Ultrafast dynamics in Si

On the other hand, the ultrafast dynamics in Si is described
by the following set of equations [Eq. (4)]:

dN (Si)
e

dt
= βTPA

2h̄ωL
I2 + γTPA

3h̄ωL
I3 − γ

[
N (Si)

e

]3 + θN (Si)
e

− �∇ · �J,

dI

dz
= −αFCAI − βTPAI2 − γTPAI3,

I = T (t )
2
√

ln2√
πτp

Fexp

[
−4ln2

(
t − 3τp

τp

)2
]
, (4)

In the above expressions, βTPA, γTPA, and αFCA stand for the
two-photon, three-photon, and free carrier absorption, respec-
tively; �J is the carrier current density (see below); and T
corresponds to the transmissivity that is also related to the
absorbed part of the laser intensity from the substrate. Fur-
thermore, N (Si)

e corresponds to the carrier density inside Si,
while θ stands for the impact ionization coefficient. For a
more detailed description of the ultrafast dynamics for Si, see
Ref. [9]. It is noted that, in this paper, the multiphoton ioniza-
tion process considers only two- and three-photon absorption
processes, as the focus was centered on laser wavelengths be-
tween 2.2 and 3.2 µm, where two- and three-photon excitation
dominates the multiphoton excitation mechanism [9,31–34].
An extension of the model at longer wavelengths (i.e., smaller
photon energies) requires the knowledge of a higher-order
absorption coefficient.

It is known that the optical parameters of a material
vary with the excitation level reached during irradiation
[35,36], which implies that a precise evaluation of the ultra-
fast phenomena requires the calculation of the dynamics of
reflectivity, transmissivity, and absorptivity. The calculation
of the optical parameters is performed through the evaluation
of the dielectric function ε, which is related to the refractive
index n and extinction coefficient k through the expression
ε = (n + ik)2. It is recalled that the refractive indices n of
unexcited Si and SiO2 in the mid-IR regime are provided by
the following expressions [9,31–34,37,38] [Eq. (5)]:

n2 = 11.67316 + 1

λL
2 + 0.004482633

λL
2 − 1.1082052 , (for silicon, 22 μm � λL � 2.5 μm),

n2 = 1 + 10.6684293λL
2

λL
2 − 0.3015164852 + 0.0030434748λL

2

λL
2 − 1.134751152 + 1.54133408λL

2

λL
2 − 11042 , (for silicon, 2.5 μm � λL � 1.36 μm),

n2 = 1 + 0.6961663λL
2

λL
2 − 0.06840432 + 0.4079426λL

2

λL
2 − 0.116241422 + 0.8974794λL

2

λL
2 − 9.8961612 , (for FS), (5)

On the other hand, the expression that provides the
dynamics of the dielectric function due to the variation

of the density of the carriers in an excited material
N (a)

e is given by Eq. (6) (a = 1 for SiO2 and a = 2
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for Si):

ε(a) = 1 + [
ε(a)

un − 1
][

1 − N (a)
e

N (a)
V

]
e2N (a)

e

mrmeε0ωL
2

1(
1 + i 1

ωLτc

) .

(6)

In Eq. (6), ε(a)
un corresponds to the dielectric parameter of

the unexcited material that is λL dependent which is calculated
from Eq. (5); N (a)

e and N (a)
V are the carrier densities in the

CB and VB (N (1)
V = 2.2 × 1022 cm−3 [25] and N (2)

V = 5 ×
1022 cm−3 [36], respectively; me is the electron mass, e is the
electron charge, mr = 0.18, ε0 is the vacuum permittivity, ωL

is the laser frequency, and τc = 1.1 fs stands for the electron
collision time. It is recalled that various values for τc have
been used in previous reports (see Ref. [26] and references
therein). Furthermore, it is noted that the contribution of Kerr
effect for mid-IR femtosecond pulses in the dielectric function
has been considered for Si [9] and SiO2 [26].

Finally, the thermal response of the SiO2/Si is described
via the employment of the traditional two-temperature model
(TTM) for the two materials. The relaxation-time approxi-
mation to Boltzmann’s transport equation is used to provide
the electron T (Si)

e and lattice T (Si)
L temperatures, respectively,

of Si:

C(Si)
e

∂T (Si)
e

∂t
= ∂

∂z

[
k(Si)

e

∂

∂z
T (Si)

e

]
− GcL

[
T (Si)

e − T (Si)
L

] + S,

C(Si)
L

∂T (Si)
L

∂t
= ∂

∂z

[
k(Si)

L

∂

∂z
T (Si)

L

]
+ GcL

[
T (Si)

e − T (Si)
L

]
, (7)

where C(Si)
e and C(Si)

L stand for the heat capacities of the
carriers and the lattice, respectively, GcL is the carrier-phonon
coupling, k(Si)

L , [k(Si)
e ] correspond to the thermal conductivity

of the lattice (carrier), and S stands for a generalized source
term given by the following expression [9]:

S = αFCAI + βTPAI2 + γTPAI3 − γ
[
N (Si)

e

]3 − �∇ · �W

− ∂N (Si)
e

∂t

[
Eg + 3kBT (Si)

e

]

− N (Si)
e

[
∂Eg

∂T (Si)
L

∂T (Si)
L

∂t
+ ∂Eg

∂N (Si)
e

∂N (Si)
e

∂t

]
,

�W = [
Eg + 4kBT (Si)

e

] �J − [
k(Si)

e + k(Si)
h

] �∇T (Si)
e ,

�J = D

[
�∇N (Si)

e + N (Si)
e

2kBT (Si)
e

�∇Eg + N (Si)
e

2T (Si)
e

�∇T (Si)
e

]
, (8)

where Eg stands for the energy gap of silicon, kB is the
Boltzmann constant, and D is the ambipolar carrier diffusivity.

By contrast, a similar TTM which describes the electron
and lattice temperature evolution for FS [26] is not used in this
paper. This is because simulation predictions demonstrate that
no energy absorption (i.e., following the investigation of the
dynamics of the reflectivity and transmissivity via Eqs. (1)–
(6); simulations always yield R(t) + T(t) = 1 for all film
thicknesses; see also simulation results in the Supplemental
Material [39]) occurs in the dielectric material which implies
that no electron excitation is produced. Therefore, no notice-
able thermal effects are expected either in the electron or the

lattice system, and the only insignificant increase in the lattice
temperature of SiO2 takes place near the interface due to heat
transfer from the substrate (see the next section).

III. SIMULATION PROCEDURE

To solve Eqs. (1)–(8), an iterative Crank-Nicolson scheme
is used which is based on a finite-difference method [24]. A
small and insignificant variation of the lattice temperature on
SiO2 mostly at the back end of the film is calculated through
the boundary conditions considered on the interface between

the top layer and the substrate: kL
∂TL
∂z = k(Si)

L
∂T (Si)

L
∂z , where kL

stands for the lattice heat conductivity in SiO2, while TL

corresponds to the lattice temperature in SiO2. Finally, it is
assumed that there is no carrier diffusion from SiO2 into Si.
Thus, the boundary condition ∂N (Si)

e
∂z = ∂Ne

∂z = 0 is considered
on the interface. Due to the absence of electron excitation
in FS at all times, this boundary condition turns to ∂N (Si)

e
∂z =

0 (and Ne = 0). It is noted that, in this paper, simulations
were performed mainly assuming laser pulses of wavelength
λL = 3.2 μm (unless otherwise stated and pulse duration
τp = 170 fs).

IV. RESULTS

Simulations are firstly performed at λL = 3.2 μm, where
the refractive indices of the materials such as air, Si, and SiO2

are equal to Ña = 1, ÑS = 3.4309 [40], and Ñm = 1.4143
[41], respectively (at room temperature). Although the pre-
dominant focus of this paper is centered on the investigation of
the response of the SiO2/Si at λL = 3.2 μm, a similar explo-
ration can be performed at other laser wavelengths. Without
loss of generality, calculations are performed for d between
20 nm and 5 µm. Simulation results predict some interesting
features of the optical parameters which are illustrated in
Fig. 2. More specifically, results derived using Eq. (1) for
R and T at 300 K (before the material is irradiated) indi-
cate that R + T = 1 [Fig. 2(a)]; these results confirm that
no energy is absorbed from SiO2 (at 300 K). According to
the theoretical predictions [Fig. 2(a)], the range of values of
the reflectivity lie between 0.07 and 0.3, while the amount
of energy transmitted into the substrate varies between 0.7
and 0.93 of the deposited energy. These calculations mani-
fest that the antireflection properties of the complex can be
controlled by an appropriately selected thickness of the SiO2

film. Interestingly, there exists a pronounced periodicity of
the optical parameter dependence as a function of thickness
demonstrated in Figs. 2(a), 2(b), and 2(d); this is due to the
term β = 2πdÑm

λL
in the expression that provides the reflectiv-

ity and transmissivity [Eq. (1)]. According to Eq. (1), β is
included in e2β j , which leads to (spatially) periodic behavior
of the optical parameters. Thus, part of the laser energy (at
room temperature) is expected to follow a similar trend, and in
the next paragraphs, it will be shown that this periodicity will
also be projected on the excitation (i.e., carriers) and thermal
response (including the DT) of the system. Theoretical results
depicted in Figs. 2(b), 2(c), and 2(d) indicate that the period-
icity at increasing wavelength increases. This is because Ñm

drops at increasing λL, which yields a smaller value of β and
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FIG. 2. (a) Optical parameters of SiO2/Si as a function of SiO2 thickness (for λL = 3.2 μm). (b) Reflectivity of SiO2/Si as a function of
d and the laser wavelength. (c) Reflectivity of SiO2/Si at various wavelengths along the white dashed line in (b), at d = 3 μm. (d) Transmissivity
of SiO2/Si as a function of d and the laser wavelength. All calculations are at room temperature.

therefore a larger periodicity. More specifically, an analysis of
the predictions at d = 3 μm [white dashed line in Fig. 2(b)
and produced results shown in Fig. 2(c)] confirms the depen-
dence of the reflectivity with increasing wavelength for the
same SiO2 film thickness. Similar behavior was also reported
in a previous work for a different configuration, where a Si
film of thickness d was placed on top of a SiO2 substrate [17].

To explore the damage conditions following irradiation of
the two-layered complex with mid-IR femtosecond pulses, it
is important to analyze the ultrafast phenomena and derive
the induced thermal response of the system. Results in Fig. 3
provide the dynamics of the electron density on the surface
of the semiconducting material [Fig. 3(a)] and the temporal
evolution of N (Si)

e inside Si [Fig. 3(b)], assuming irradiation
of SiO2/Si with fluence F = 0.1 J/cm2 considering a SiO2

film of d = 520 nm. Similar results are deduced (results
are not shown here) at other d and F values for which a
d-dependent maximum electron density is produced as the
absorbed energy from SiO2 varies with d . It is evident that,
unlike FS, Si absorbs significantly, leading to high levels of
excitation (∼1.05 × 1021 cm−3). The spatiotemporal carrier
density distribution inside 1 µm of Si within 3 ps is illustrated
in Fig. 3(b). Similarly, the lattice temperature distribution is
depicted for the same laser conditions in Fig. 3(c).

A key issue that requires particular investigation is the
trend of the optical parameters during the pulse. It is noted that
results shown in Fig. 2 focused on an analysis of the values of
R and T at room temperature. Nevertheless, a more precise
exploration should analyze the fingerprint of the excitation
of carriers and ultrafast dynamics on the temporal variation
of R and T. With respect to the irradiation of semiconducting
and dielectric targets with ultrashort laser pulses, it has been
demonstrated [9,35,36] that the excitation of carriers yields
a variation of the dielectric function [Eq. (6)] and therefore
the optical parameters which influence, eventually, the energy
absorption from the material [i.e., ÑS in Eq. (1) becomes a
complex number]. More specifically, assuming irradiation of
the two-layered stack with F = 0.1 J/cm2 considering a SiO2

of d = 520 nm, simulation results show there is a significant
variation of the reflectivity of the complex shown in Fig. 3(d).
The temporal analysis of the optical parameters following
the detailed investigation of the ultrafast dynamics show that,
during the pulse duration, the sum of the reflectivity and
transmissivity is equal to 1, which demonstrates there is no
absorption of energy from SiO2, and therefore, Ne is always
zero (see the Supplemental Material [39]).

Observing the remarkable variation in the reflectivity
during the pulse duration stated in the previous paragraph and
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FIG. 3. (a) Electron density evolution on the surface of Si. (b) Electron density and (c) lattice temperature evolution inside Si.
(d) Reflectivity dynamics of SiO2/Si (F = 0.1 J/cm2, d = 520 nm).

before analyzing the correlation of the thermal response and
the minimum energy required to damage Si with the coating
thickness via the employment of femtosecond pulses, it is
important to evaluate the levels of the reflected/transmitted
amounts of the laser energy derived from the density of
excited electrons values. In Fig. 4, the minimum and
maximum reflectivity values are depicted for d between
20 nm and 5 µm for F = 0.06, 0.08, and 0.1 J/cm2 (at the end
of the section, a discussion is presented on the selection of
the three fluence values).

Results show that the reflectivity temporal variation at the
lowest fluence is negligible, while the increasing excitation at
higher fluences leads to an enhanced reflectivity change. Thus,
at F = 0.06 J/cm2, there is a rather insignificant variation of
R for some d , while there is a more pronounced change at
other SiO2 thicknesses.

In addition to the optical parameter variation at different
fluences and coating thicknesses, the dependence of the elec-
tron excitation and thermal response of the system on d are
also evaluated. Simulation results illustrated in Fig. 5 show a

FIG. 4. Maximum and minimum values of reflectivity of Si/SiO2 at various fluences [(a) F = 0.06 J/cm2, (b) F = 0.08 J/cm2, and
(c) F = 0.1 J/cm2] as a function of the SiO2 thickness. Simulations are illustrated at λL = 3.2 μm.
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FIG. 5. Maximum carrier density on the Si surface at various fluences [(a) F = 0.06 J/cm2, (b) F = 0.08 J/cm2, and (c) F = 0.1 J/cm2]
as a function of the SiO2 thickness. Simulations are illustrated at λL = 3.2 μm. Dashed line in (a) indicates optical breakdown threshold (OBT).

periodic variation of the carrier density as a function of d for
all fluences considered in this paper. This is due to the interfer-
ence effects expressed in the optical parameters [Eq. (1)] and,
therefore, energy absorption d dependence. The values of the
maximum values of N (Si)

e (denoted as Nmax
e ) range between ∼

1020 and ∼1.5 × 1021 cm−3. The black dashed line in Fig. 5(a)
corresponds to the critical value Ncr

e (i.e., Ncr
e ≡ 4π2c2meε0

(λ2
Le2 )

,
which is usually termed as the optical breakdown threshold
(OBT) [28]). In the expression that provides Ncr

e , c is the
speed of light, me stands for mass of electron, e is the electron
charge, and ε0 is the permittivity of the vacuum. Particu-
larly, Ncr

e = 1.09 × 1020 cm−3 at λL = 3.2 μm. In previous
reports, and more specifically, for dielectrics [30,42–45], the
OBT has been associated with the minimum critical density
that leads to material damage, and it was, therefore, linked
with DT of transparent materials. By contrast, in other works
[25,27,46,47], a more precise evaluation of DT was derived
via a thermal criterion (i.e., fluence at which the material
starts to melt). To evaluate whether the two criteria are similar,
the thermal response of the system is calculated. Results at
the same fluences as before [F = 0.06, 0.08, and 0.1 J/cm2,
see Figs. 6(a)–6(c)], demonstrate again a periodic dependence
of the maximum lattice temperature T (Si)

L (denoted as T max
L );

however, the melting point (associated directly with DT) is
reached in different conditions [black dotted line in Figs. 6(b)
and 6(c)]. Thus, a comparison of Figs. 5 and 6 shows that the
OBT-based threshold provides an underestimation of the DT.
According to Fig. 6(b), F = 0.08 J/cm2 represents a fluence
value at which the material starts to melt at particular values
of d characterized by periodicity.

To evaluate the influence of the coating on both the opti-
cal response of the complex and the thermal effects on the
substrate, simulation results are illustrated in Fig. 6(d) for
two cases, where the evolution of the lattice temperature and
transmissivity in the Si material are shown: (a) assuming the
presence of a SiO2 film of thickness d = 520 nm and (b) in the
absence of the FS coating. Interestingly, results indicate that,
for this SiO2 thickness, the transmissivity increases, leading
to a larger energy absorption from the substrate, which results
in a larger maximum temperature. Similar conclusions can
be deduced for other values of d . Results for the reflectivity
(see the Supplemental Material [39]) demonstrate that R(t) +
T(t) = 1. The above results show that the selection of the
fluence values was based on the distinct thermal response for

each case. More specifically, at F = 0.06 J/cm2, the maxi-
mum lattice temperature which is attained is not sufficient
to melt the material. On the other hand, at F = 0.08 J/cm2,
melting occurs for a small range of values of the coating
thickness d [Fig. 6(b)]. Finally, at F = 0.1 J/cm2, melting
rises independently of d .

While this analysis was performed in laser conditions
assuming the same photon energy and pulse duration, an
evaluation of the ultrafast dynamics and thermal response of
the system at different laser wavelengths and pulse durations
is expected allow the determination of the impact of those
parameters on the physical processes.

A. Dependence of Nmax
e , T max

L , and DT on the pulse duration

In Fig. 7(a), the maximum densities of the excited car-
riers on Si, Nmax

e , as a function of the coating thickness at
three different values of the pulse duration (i.e., τp = 170 fs,
500 fs, and 1 ps) at λL = 3.2 μm and at F = 0.1 J/cm2 are
illustrated. The three pulse durations were appropriately se-
lected to illustrate the role of short, long, and intermediate
pulses in the ultrafast dynamics. Since longer pulse durations
yield smaller laser intensity and, eventually, energy absorption
from Si, the maximum carrier density is expected to drop
at increasing τp for the same d . A similar trend is revealed
for the maximum lattice temperature T max

L [Fig. 7(b)]. As
expected, both parameters exhibit a periodic dependence on
the SiO2 thickness. Finally, for the three pulse durations, DT
as a function of d is illustrated in Fig. 7(c). The horizontal
dotted lines correspond to the DT of Si, F (Si)

τp
, following ir-

radiation with τp = 170 fs, 500 fs, and 1 ps, respectively, in
the absence of the SiO2 coating [i.e., F (Si)

τp=170 fs = 0.11 J/cm2,

F (Si)
τp=500 fs ∼ 0.18 J/cm2, F (Si)

τp=1 ps ∼ 0.25J/cm2]. As expected,

F (Si)
τp

exhibits an increasing trend at increasing pulse temporal
width. Simulation results in Fig. 7(c) manifest a noticeable
variation of DT with d . For all three values of the pulse
duration considered in this paper, in principle, there is a de-
crease of DT with respect to the case in which the FS coating
is absent. An analysis of the results illustrated in Fig. 7(c)
shows that a significant drop of DT by a maximum 26% (for
τp = 170 fs), 27% (for τp = 500 fs), and 29% (for τp = 1 ps)
can be achieved if the coating is placed on the substrate.
Furthermore, the variation of DT with the coating thickness
for the three pulse durations emphasizes the role of the distinct
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FIG. 6. Maximum lattice temperature on the Si surface at various fluences [(a) F = 0.06 J/cm2, (b) F = 0.08J/cm2, and (c) F =
0.1 J/cm2] as a function of the SiO2 thickness. Dotted line in (b) and (c) indicates melting point. (d) Transmissivity in Si for d = 520 nm
and in the absence of SiO2 (F = 0.1 J/cm2). Simulations are illustrated at λL = 3.2 μm.

ultrafast phenomena at different excitation conditions and d .
Furthermore, unlike predictions reported in a previous work
(i.e., for Si/SiO2 [17]), the presence of the coating leads to a
drop of the threshold for inducing damage on the substrate.
This can be attributed to the different optical properties of
the complex due to the placement of a lower refractive index
material on the Si substrate which leads to an enhanced energy

absorption from the substrate [Fig. 6(d)]. Interestingly, for
all three pulse durations in this investigation, the maximum
carrier density produced on Si is higher than the OBT, Ncr

e .
More specifically, Nmax

e for τp = 170 fs, 500 fs, and 1 ps is
calculated to be equal to Nmax

e ∼ 6.5 × 1020, 3.8 × 1020,
and 2.8 × 1020 cm−3, respectively. These results serve as
a justification that the determination of DT via a thermal

FIG. 7. (a) Maximum carrier density and (b) lattice temperature on the Si surface (F = 0.1 J/cm2) and (c) damage threshold (DT)
calculation as a function of the SiO2 thickness at various pulse durations (τp = 170 fs, 500 fs, and 1 ps). Horizontal dotted lines above
the curves in (c) correspond to DT of Si in the absence of the coating for corresponding τp. Simulations are illustrated at λL = 3.2 μm.

184113-8



TAILORING THE ULTRAFAST DYNAMICS AND … PHYSICAL REVIEW B 109, 184113 (2024)

FIG. 8. (a) Maximum carrier density and (b) maximum carrier lattice temperature on the Si surface (F = 0.1 J/cm2) and (c) damage
threshold as a function of the SiO2 thickness at various laser wavelength (λL = 2.2, 2.6, and 3.2 µm). Simulations are illustrated at
τp = 170 fs.

criterion constitutes a more accurate methodology than the
OBT; results also confirm that the OBT-based evaluation of
the DT presents a necessary but not sufficient condition for
the onset of damage.

B. Dependence of Nmax
e , T max

L , and DT on the laser wavelength

In the previous sections, the ultrafast dynamics and the
DT on Si following irradiation of a SiO2/Si complex at λL =
3.2 μm was systematically analyzed. To evaluate the influ-
ence of the laser photon energy on the ultrafast dynamics
and thermal response of the two-layered complex, a detailed
analysis of the maximum density of the excited carriers on
Si as a function of the coating thickness at three different
laser wavelengths was performed (i.e., λL = 2.2, 2.6, and
3.2 μm) at τp = 170 fs and at F = 0.1 J/cm2. These three
laser wavelengths were selected to investigate the response of
the system at various photon energies with distinctly differ-
ent characteristics of absorption rates: for λL = 2.2 μm, two-
and three-photon absorption coefficients are both nonzero, for
λL = 2.6 μm, only the three-photon absorption coefficient is
not vanishing, while for λL = 3.2 μm, a significantly smaller
three-photon absorption coefficient than the previous case is
nonzero [9]. Furthermore, laser sources with wavelengths in
the range λL = 2.2–3.2 μm of an appreciable intensity are
currently available, and therefore, the simulation predictions
can be tested.

Before discussing the predictions of the DT on Si at the
three wavelengths, it is recalled that the theoretical framework
accounting for ultrafast dynamics and thermal response for Si
[Eqs. (6)–(8)] (in the absence of SiO2 coating) described ade-
quately the damage of Si at mid-IR [9,12]. This demonstrates
that the model which has been used successfully to describe
ultrafast phenomena at lower wavelengths [6,7] can still be
employed to describe physical phenomena at smaller photon
energies.

Results for the maximum carrier density and lattice tem-
peratures attained and the induced DT at various laser wave-
lengths and coating thicknesses are illustrated in Fig. 8(a). As
explained above, the increase of the periodicity of the opti-
cal parameters demonstrated at increasing laser wavelength
[Figs. 2(b)–2(d)] is also exhibited in the absorbed energy, the
carrier density [Fig. 8(a)], lattice temperature [Fig. 8(b)], and
the DT [Fig. 8(c)].

To elaborate further on the dependence of the magnitude
of Nmax

e , T max
L on the coating thickness at various laser wave-

lengths, it is important to correlate the dominant processes
and the magnitude of the absorbed energy from the substrate.
The remarkably smaller Nmax

e , T max
L at the shortest laser wave-

length (λL = 2.2 μm) for the same d might be confusing, as
a larger photon energy is possibly expected to facilitate the
electron excitation, leading to a smaller DT. A conclusive
interpretation of the results and the behavior of Nmax

e , T max
L

with respect to the laser wavelength and d requires a detailed
analysis of (a) the energy absorbed from the substrate for the
same SiO2 thickness at different wavelength and (b) the eval-
uation of other processes which can be more efficient in the
production of excited carriers than the multiphoton ionization.

To evaluate the role of the latter, simulations conducted for
three representative values of the coating thickness d = 20,
720, and 1220 nm (similar results can be derived for other
d’s) at λL = 2.2, 2.6, and 3.2 μm for 0.1 J/cm2 showed that
the impact ionization does not account for this behavior. More
specifically, an analysis of the contribution of the impact ion-
ization process manifests that the inclusion of this ionization
mechanism simply increases the carrier density as expected;
it does not alter, though, the wavelength-dependent carrier
density order at any coating thickness (see the Supplemen-
tal Material [39]). By contrast, results of the transmissivity
evolution for the three values of thickness and at λL =
2.2, 2.6, and 3.2 μm for 0.1 J/cm2 (see the Supplemental
Material [39]) show that the monotonicity of Nmax

e and evo-
lution of N (Si)

e are attributed to the amount of energy absorbed
from the material. Analyzing the monotonicity of the carrier
density curves for the three representative (but of distinct
interest due to optical parameter behavior) thicknesses, it is
noted that

(i) For d = 20 nm, the absorbed energy from Si is almost
identical for all three wavelengths at room tempera-
ture. When the pulse is switched on and until almost
the maximum of the laser energy is reached (i.e.,
the peak of the laser intensity), the absorbed energy
will be the largest for λL = 2.6 μm followed by that
for λL = 3.2 μm. On the contrary, for λL = 3.2 μm,
the smallest amount of energy will be absorbed. This
behavior will be projected onto Nmax

e [Fig. 8(a)]; thus,
Nmax

e (λL = 2.6 μm) > Nmax
e (λL = 3.2 μm) > Nmax

e
(λL = 2.2 μm).

184113-9



G. D. TSIBIDIS AND E. STRATAKIS PHYSICAL REVIEW B 109, 184113 (2024)

(ii) For d = 720 nm, the absorbed energy from Si is not
identical for the three wavelengths at room tempera-
ture. More specifically, the transmissivity is larger for
λL = 3.2 μm followed by that for λL = 2.6 μm and
then for λL = 2.2 μm. When the pulse is switched
on and until almost the maximum of the laser energy
(i.e., the peak of the laser intensity), this monotonicity
is preserved, resulting in this behavior being projected
onto Nmax

e [Fig. 8(a)].
(iii) For d = 1220 nm, the absorbed energy from Si

is again not identical for the three wavelengths
at room temperature. The transmissivity for λL =
2.2 μm is slightly larger than the transmissivity for
λL = 2.6 μm but significantly larger than that of λL =
3.2 μm (at room temperature). When the pulse is
switched on, the first laser wavelength (λL = 2.2 μm)
will lead to a very small increase in the absorp-
tion level compared with the case before application
of the pulse. By contrast, the second wavelength
(λL = 2.6 μm), which does not have a very signif-
icantly different initial transmissivity from that of
λL = 2.2 μm, will lead to an increase of the ab-
sorption level [Fig. 8(a)]. Thus, the produced Nmax

e
for λL = 2.6 μm will be higher than that of λL =
2.2 μm. Finally, the third wavelength (λL = 3.2 μm)
that yields a significantly smaller transmissivity gives
Nmax

e smaller than the other two wavelengths.

C. Excitation of SP modes

One important aspect in material processing is the fabrica-
tion of subwavelength structures via the use of laser pulses.
As excitation of SPs and their interference with the inci-
dent beam is regarded as the predominant mechanism of
periodic structure formation [7,48], the periodicities of the

(allowed) excited electromagnetic surface modes could pro-
vide an estimate of the expected subwavelength structures on
the irradiated material. Considering the possibility of exci-
tation of SP modes on an air/SiO2/Si stack, it is noted that
such electromagnetic modes can be excited on the SiO2/Si
interface if a sufficiently high Ne is reached to metallize the
semiconductor [7,48]. While a simplistic scenario is to treat
the substrate as a material that turns (entirely or a large part
of it) into a metallic solid, a more precise description is to
assume that a thin layer of metallic Si is formed, while the
rest of the substrate maintains the properties of a semicon-
ductor [49,50]. Thus, it is assumed that the excitation of Si
leads to the formation of (i) a volume of Si where Re(εSi)
< 0 due to a sufficient amount of excited carrier density that
metallizes the semiconductor and (ii) a volume of nonmetallic
Si [termed as Si(nonmet)], where Re(εSi) > 0. Therefore, the
final configuration which should be investigated for SP exci-
tation is an air/SiO2/(metallic Si)/Si(nonmet) stack that allows
the excitation of SP on both interfaces SiO2/(metallic Si)
and (metallic Si)/Si(nonmet), leading potentially to a coupling
of the SP modes if the metallic layer thickness is not large
enough [51–53] (i.e., for the sake of simplicity, hereafter,
Si(nonmet) will be termed as Si). In a previous report [49],
results showed that the consideration of a thin layer of metallic
Si (∼10 nm) can influence the SP periodicity in contrast
with the behavior for thicker layers (∼100 nm) following
irradiation at 800 nm. Nevertheless, a more precise inves-
tigation is necessitated to evaluate the characteristics of the
excited at longer pulses and discuss the role of thin metallic
layers.

The features of the localized SP modes are calculated via
the following dispersion relation Eq. (9) which was generated
by assuming the continuity of the tangential components of
the magnetic (Hy) and electric (Ex) fields on the two inter-
faces:

exp(−2k2d ) =

(
1 +

k3/ε3
k2/ε2

)(
1 +

k4/ε4
k3/ε3

)
+

(
1 −

k3/ε3
k2/ε2

)(
1 −

k4/ε4
k3/ε3

)
exp(−2k3d3)

(
1 +

k4/ε4
k3/ε3

)(
1 −

k3/ε3
k2/ε2

)
+

(
1 −

k4/ε4
k3/ε3

)(
1 +

k3/ε3
k2/ε2

)
exp(−2k3d3)

×

(
1 +

k2/ε2
k1/ε1

)
(

−1 +
k2/ε2
k1/ε1

) , (9)

where k j =
√

β̃2 − ε jk2
0 ( j = 1, 2, 3, and 4 for air, SiO2,

metallic Si, and Si), ε j stands for the dielectric permittivity
of the j material [derived from Eq. (6)], d3 is the thickness of
the layer of metallic Si, k0(= 2π/λL) is the free-space wave
number at the laser wavelength, and β̃ is the propagation
constant of the SP. Thus, Eq. (9) yields the supported SP
solutions; each solution is associated with an SP wavelength
provided by � = 2π

Re(β̃ )
. It is noted that only bound modes

of the SPs are considered [53]. Equation (9) indicates that
the dispersion relation of SPs can be tailored by using different
thicknesses of the dielectric coating d . Furthermore, it shows
that the properties of the SP are influenced by both the air
and the dielectric, depending on the thickness of the coat-
ing and the laser frequency ωL(= 2πc/λL, in air). Results

presented in a previous report [20] revealed that, in an
air/dielectric/metal stack, for low ωL (thus long wavelength)
and small Re(β̃ ), the excited SP mode sees the air first, and
the dispersion curve follows that of an air/metal stack. By con-
trast, at higher ωL (thus shorter wavelength) and larger Re(β̃ ),
the SP does not see significantly the outside material, while
the dispersion curve asymptotically behaves as the curve for
SiO2/metal.

For an air/SiO2/(metallic Si)/Si stack, simulations have
been conducted to evaluate, first, the minimum density of
the excited carriers to alter Si, from a semiconducting to a
metallic state. This critical density, N (m−Si)

e , is derived from
the Drude model [Eq. (6)] for Si, assuming the real part of
the dielectric function of the excited silicon becomes negative
[Re(εSi) < 0]. In Fig. 9(a), the dependence of N (m−Si)

e on λL

184113-10



TAILORING THE ULTRAFAST DYNAMICS AND … PHYSICAL REVIEW B 109, 184113 (2024)

FIG. 9. (a) Minimum carrier density for metallization of Si at various wavelengths. Surface plasmon (SP) periodicity on the SiO2/Si as a
function of the SiO2 thickness at (b) λL = 3.2 μm, (c) λL = 2.6 μm, and (d) λL = 2.2 μm.

is illustrated, and a fitting procedure manifests the following
correlation:

N (m−Si)
e (λL ) = 27.5 e−2.706λL + 1.597 e−0.2298(×1021 cm−3).

(10)

For the three representative wavelengths analyzed in this
paper (λL = 2.2, 2.6, and 3.2 μm), the corresponding val-
ues of N (m−Si)

e are equal to 10.03 × 1020, 8.91 × 1020, and
7.73 × 1020 cm−3, respectively. It is evident that metalliza-
tion of Si with mid-IR pulses occurs at significantly lower
excitation conditions than at shorter wavelengths [7,48,54].
Results shown in Fig. 9(a) indicate that N (m−Si)

e decreases with
increasing λL.

Regarding the possibility to metallize part of the Si sub-
strate and turn it into a plasmonic material, without loss of
generality, our analysis is centered on the investigation of the
irradiation of a SiO2/Si stack at F = 0.18, 0.20, and 0.24 J/cm2

for λL = 3.2, 2.6, and 2.2 μm, respectively. The selection
of these fluence values was to ensure that a thickness of a
maximum size equal to ∼15–35 nm of metallic Si is produced
for all d (see the Supplemental Material [39]) and therefore
evaluate the impact of the metallic layer on the features of
the induced plasmons. A similar procedure can be followed
to deduce the impact of thicker d(m−Si) produced in different
conditions; however, the objective of the present investigation
is to reveal a potential influence of the SiO2 coating.

In contrast with standard multilayered structures com-
prising only unexcited dielectric materials and metals, the
evaluation of the dielectric parameters that is required for
the solution of the dispersion relation is performed consider-
ing that the dielectric constant of both the nonmetallic and
metallic Si are carrier density dependent (air and SiO2 are
considered unexcited, and their refractive index is considered
constant throughout the corresponding regions); the following
assumptions are made for the sake of simplicity and without
loss of generality:

(i) The carrier density values (i.e., inside the depth of the
excited solids) resulting after the intensity reaches the
maximum value will be used to calculate the dielectric
parameters.

(ii) As the values across the depth of the excited solids
vary, a mean value of the dielectric parameters will be
used for both metallic and nonmetallic Si. For non-
metallic Si, the mean value of the dielectric parameter
in ∼15–35 nm is also used.

A numerical solution of the dispersion relation Eq. (9)
yields the SP wavelength � for the three laser wavelengths
λL which are depicted in Figs. 9(b)–9(d), respectively. Re-
sults show that, for a single pulse, the SP wavelength drops
fast at increasing d (for d < 1 μm), reaching a value that is
significantly smaller than λL (i.e., 30–35% smaller than λL).
The physical mechanism can be understood from the stack
configuration for d → 0 (i.e., the absence of coating) and
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FIG. 10. (a) Surface plasmon (SP) propagation length and the decay length inside (b) metallic Si, (c) nonmetallic Si, and (d) SiO2 as a
function of the SiO2 thickness at various laser wavelengths (λL = 2.2, 2.6, and 3.2 µm). Results are shown for d between 20 nm and 5 µm.

large d . In the former case, the SP on the coating/metallic
Si tends to see only the air, and the air/metal dispersion
relation will determine the SP periodicity that is of the
size of λL (i.e., ∼ λL

Re
√

εairεmetallic Si
εair+εmetallic Si

). By contrast, at large d ,

the dielectric/metal governs primarily the dispersion, yield-
ing periodicities approximately equal to ∼ λL

Re
√

εSiO2
εmetallic Si

εSiO2
+εmetallic Si

.

In that case, �λL=2.2 μm ∼ 1.56 μm, �λL=2.6 μm ∼ 1.86 μm,
and �λL=3.2 μm ∼ 2.25 μm. Similar predictions could also
result following a more rigorous approach via the use
of the dispersion relations for a three-layered stack,
air/(metallic Si)/Si or dielectric coating/(metallic Si)/Si
[20,51,55,56]:

1 =
k3

/
ε3

+ k1
/
ε1

k3
/
ε3

− k1
/
ε1

×
k3

/
ε3

+ k4
/
ε4

k3
/
ε3

− k4
/
ε4

(absence of SiO2 coating)

0 ∼=
k3

/
ε3

+ k2
/
ε2

k3
/
ε3

− k2
/
ε2

×
k3

/
ε3

+ k4
/
ε4

k3
/
ε3

− k4
/
ε4

(very thick SiO2 coating) (11)

should be used for d = 0 and d → ∞, respectively. Simula-
tion results show that the competition between the dielectric
coating and air leads to a gradual reduction of the SP period-
icity that is completed at dcrit ∼ 1 μm. Thus, dcrit represents a
critical value of the SiO2 thickness at which the coating can
be assumed to be semi-infinite.

The energy of the SP is confined on the interface be-
tween the dielectric and the metallized Si and decays as an
evanescent wave away from the interface. To evaluate further
the behavior of the SP, it is important to explore the spatial

features of the electromagnetic modes that are excited on the
dielectric/metal surface; these are (i) the damping length L of
the SP propagation along the surface and (ii) the decay length
of the SP LD away from the interface [9,57]. The damping
(propagation) length represents the distance over which the
intensity of the SP falls to 1/e of its initial value, and it is
equal to 1/[2Im(β̃)] [58]. As reported in a previous work
[9], the capacity to modulate the SP propagation length is
crucial in laser-based processing of larger areas. Simulation
results illustrated in Fig. 10(a) indicate that both the laser
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wavelength and the dielectric coating thickness can be used to
tailor the propagation length of the excited SP. A large drop for
d � 1 μm at all wavelengths (∼70% reduction) is predicted
[Fig. 10(a)] starting from values close to LλL=2.2 μm

no coating ∼ 17 μm,

LλL=2.6 μm
no coating ∼ 25 μm, and LλL=3.2 μm

no coating ∼ 38 μm that agree with
the calculations from Eq. (10). By contrast, as the thickness
of the coating increases beyond d ∼ 1 μm, a small variation
around a mean value is manifested, while a maximum at-
tained value is similar [Fig. 10(a)] to the predictions derived
from Eq. (11) (LλL=2.2 μm

max ∼ 6 μm, LλL=2.6 μm
max ∼ 10.5 μm,

and LλL=3.2 μm
max ∼ 17 μm) for large SiO2 thicknesses. Thus, a

significant modulation of the propagation length of the elec-
tromagnetic modes is possible via appropriate selection of the
thickness of the dielectric coating.

Regarding the decay of the SP, L(metallic Si)
D represents the SP

confinement inside the metallic material, and it is associated
with the (skin) depth at which the SP field amplitude falls
to 1/e [i.e., the field amplitude decreases exponentially as
exp(−k3|z|)], normal to the metallic surface surface [57,59],
and thus, L(metallic Si)

D = 1/k3. Similarly, L(SiO2 )
D = 1/k2 provides

an estimate of the (skin) depth at which the SP field amplitude
falls to 1/e inside the dielectric material. Finally, L(Si)

D = 1/k4

provides an estimate of the (skin) depth at which the SP field
amplitude falls to 1/e inside the nonmetallic volume of Si.

Simulations illustrated in Fig. 10(b) for L(metallic Si)
D

show a small variation (∼5%) around a mean value
at all three wavelengths. The mean value is equal to
L(metallic Si)λL=2.2 μm

D = 89 nm, L(metallic Si)λL=2.6 μm
D = 93 nm,

and L(metallic Si)λL=3.2 μm
D = 99 nm, which are similar to the

values in the absence of the coating and large d produced from
Eqs. (10) and (11), respectively. A similar behavior is exhib-
ited for L(Si)

D [Fig. 10(c)] for which a small variation (∼10%)
of the decay length of the SP inside the nonmetallic Si occurs
around L(Si)λL=2.2 μm

D = 109 nm, L(Si)λL=2.6 μm
D = 121 nm, and

L(Si)λL=3.2 μm
D = 137 nm for the three wavelengths, which is

also confirmed by the use of Eqs. (10) and (11). Our re-
sults show that, although the laser wavelength can be used to
control the SP confinement inside the metallic/nonmetallic Si
(i.e., larger confinement is predicted at smaller wavelengths),
the coating thickness does not appear to induce remarkable
changes to the decay length in those regions. Similar insignifi-
cant variations are also calculated at different fluences (results
not shown) where higher excitation levels are expected. By
contrast, a remarkable increase of L(SiO2 )

D with the coating
thickness is predicted. More specifically, results illustrated in
Fig. 10(d) show a large increase of the decay length inside
the coating with the thickness before reaching a maximum
value that is provided by Eq. (11) for d > 1.5−2 μm. More
specifically, simulations predict L(SiO2 )λL=2.2 μm

D = 620 nm,
L(SiO2 )λL=2.6 μm

D = 820 nm, and L(SiO2 )λL=3.2 μm
D = 1150 nm.

Similarly, the variation predicted for large values does not
appear to be influenced by d .

Interesting results also are revealed for the energy of the
SP confined to the interface of the dielectric/metallic Si. The
absolute value (magnitude) of the magnetic field distribution
|Hy| is shown in Fig. 11 (analytic expressions for Hy are
provided in the Supplemental Material [39]) and offers a
measure of the strength and confinement of the SP mode for

λL = 2.2 μm [Figs. 11(a)–11(c)], λL = 2.6 μm [Figs. 11(d)–
11(f)], and λL = 3.2 μm [Figs. 11(g)–11(i)] for three values
of the coating thickness (d = 70, 470, and 1.47 µm) for each
laser wavelength. It is noted that |Hy| values are normal-
ized to 1. Similar conclusions can be deduced for different
thicknesses and laser conditions. Results not only indicate the
distinct SP features discussed above but also the strength of
the confinement of the SP mode that depends on the coating
thickness that is used. On the other hand, a different decay
length inside SiO2 is deduced. It is shown that, at the same
laser wavelength, the confinement of the SP mode inside SiO2

can be controlled via appropriate modulation of the coating
thickness at each wavelength (Fig. 11). These simulations
and the aforementioned discussion on L(SiO2 )

D show that, for
small coating thicknesses, at increasing d , L(SiO2 )

D increases
while it exceeds the size of the dielectric [Fig. 10(d)]; this
behavior indicates that the evanescent wave decays inside the
air (Fig. 11), and this effect appears to be more pronounced at
longer laser wavelengths. Thus, localization of the plasmonic
modes in SiO2/metallic Si increases at smaller wavelengths.
Therefore, for longer wavelengths (Fig. 11), while most of the
energy of the transversely confined guided modes is stored
in the coating, an amount of energy of the mode is stored in
air in contrast with the behavior at shorter wavelengths where
the mode sees the outer dielectric less. On the other hand, the
behavior of the propagation length of the SP field along the
x axis discussed above [Fig. 10(a)] is illustrated in Fig. 11:
The damping depth increases with the laser wavelength, while
at each wavelength, a decrease of L (for d = 0.47 μm) is
followed by an increase of the propagation length for thicker
coatings (d = 1.47 μm).

The above discussion of the dependence of the SP prop-
agation and decay lengths on d for thin and thick coatings
indicates the significant role of the dielectric film in the behav-
ior of the SP. The results demonstrate the interplay between
air and the dielectric in the determination of the dispersion
of an air/SiO2/metallic Si stack. For thick materials, the SP
mode does not significantly feel the outside dielectric (air).
By contrast, as the coating becomes thinner, the dispersion
is determined by both the dispersion of air/metallic Si and
SiO2/metallic Si. Finally, in the absence of the FS coating,
the air/metal dispersion dictates the SP features. Thus, tai-
loring the dispersion relations of the SPs is feasible via the
employment of an air/SiO2/(metallic Si) stack. The above
analysis demonstrates that the presence of two dielectric lay-
ers (air and SiO2) offer a significantly higher flexibility to
modulate the dispersion relation than with only one dielectric
layer [9]. A similar analysis could be extended to a multi-
layered stack comprising more than two dielectric materials
on top of a metallic substrate; however, this is beyond the
scope of this paper. Nevertheless, it has been shown that the
dispersion curve can be systematically controlled by chang-
ing the dielectric material thicknesses and their refractive
indices [60].

The above predictions as well as the SP features dis-
cussed above could be exploited for potential applications
in photonics, plasmonics [2], waveguide fabrication [20] or
nano/microfabrication of photonic components, and optical
signal processing devices at the subwavelength scale [9,61].

184113-13



G. D. TSIBIDIS AND E. STRATAKIS PHYSICAL REVIEW B 109, 184113 (2024)

FIG. 11. Absolute value of the magnetic field distribution (|Hy|) for various values of d at (a)–(c) λL = 2.2 μm, (d)–(f) λL = 2.6 μm, and
(g)–(i) λL = 3.2 μm. Upper and lower white dashed lines indicate the position of the interface between air/SiO2, SiO2/metallic Si, respectively.
Three coatings of d = 70 nm, 470 nm, and 1.47 µm were considered. Results are normalized to 1.

V. DISCUSSION

One of the main objectives in the development of high-
power ultrafast laser systems and optical components is the
increase of the DT of the irradiated material via the use
of protective coatings [17,62,63] which can control the key
factors that cause degradation in the performance of high-
power lasers. Therefore, it is interesting to explore potential
implications derived from the predicted opposite effect, a
decrease of the fluence at which the onset of the damage
of the substrate occurs via the presence of the coating of a
lower refractive index than that of the substrate. To address
this challenge, it is noted that Si modification with mid-IR
pulses via a nonlinear absorption is of particular significance
for laser processing and laser-based applications [2,4,5]. In a
previous report [9,12], simulations showed that excitation of
SP which account for the formation of periodic patterns on
Si can be achieved at lower fluences at mid-IR than shorter
wavelengths (our results also showed that even a metallization
of Si occurs at lower fluences). Thus, our predictions for the
decrease of DT in the presence of the coating signifies that the

presence of SiO2 film can further facilitate (i) the onset of pro-
cessing and (ii) excitation of SP electromagnetic modes on the
SiO2/Si interface at lower fluences and, therefore, allow sur-
face modification of Si offering an innovative, greener route
to laser-based manufacturing. Simulation results presented in
the previous sections describe both the dependence of DT
on the laser wavelength and how the SiO2 thickness can em-
power the excitation of SP electromagnetic modes for a range
of photon energies in the mid-IR spectral region.

One significant aspect of the capacity to damage the sub-
strate or allow fabrication of periodic patterns on Si via the
employment of the coating is that it appears that the trans-
parency of the upper film and ability to inscribe or (laser)
write in the volume of the SiO2/Si are capable of leading
to some interesting potential applications (i.e., data storage
[64]). Regarding the capacity to fabricate subwavelengths
on the SiO2/Si interface, not only the use of the dielectric
material coating can allow the formation of subwavelength pe-
riodic structures on Si which are remarkably smaller than the
laser wavelength, but also their periodicities can be modulated
by ∼30–35% via appropriately selected SiO2 thicknesses.
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Similarly, our results showed that other features of the induced
SPs, such as the SP decay inside the dielectric or the prop-
agation length, appear to be significantly dependent on the
coating thickness and the laser wavelength. More specifically,
our simulation results manifested that a remarkable variation
in these parameters is expected. Thus, a potential influence
of the SiO2 thickness on the features of the electromagnetic
modes such as the SP wavelengths, the decay length and con-
finement of the produced SP can be potentially exploited to
present capabilities in laser-based manufacturing, plasmonics,
and photonics. A more detailed analysis of the characteristics
of the electromagnetic modes and the coupling of SP with the
incident beam toward inducing morphological changes inside
SiO2/Si could be the subject of a future investigation.

As the behavior of the SiO2 coating plays a crucial role
in the opto/thermal response of the double-layered stack, it
is important to ensure that the dielectric material possesses
desirable properties. More specifically, in this paper, it has
been assumed that the coating is transparent in the whole
range of the irradiation wavelengths. It is known that, despite
the transparency of FS at lower wavelengths (for λL < 1 μm),
the manufacturing process of the dielectric material influences
its optical response at longer wavelengths. For example, the
ultraviolet (UV)-grade FS which is manufactured via the oxi-
dation of high-purity silicon by hydrolysis exhibits dips in the
transmission spectrum centered at 1.4, 2.2, and 2.7 µm due
to absorption from hydroxide (OH)-ion impurities [37,38].
By contrast, infrared (IR)-grade FS (IR-FS) is characterized
by a reduced amount of OH-ion impurities, and transmission
is high for up to 5 µm; however, again, for λL < 3.5 μm
and depending on the thickness of IR-FS [65], absorption
occurs. Nevertheless, it has been shown that the occurrence
of the variability of the transmissivity is also significantly
dependent on the fabrication process and on the thickness
of the dielectric material [65]; therefore, a thorough inves-
tigation is required to evaluate the role of both the density
of OH-ion impurities and SiO2 thickness. Furthermore, an
analysis of the impact of the SiO2 thickness on the levels
of excitation and the features of the produced SP modes is
performed. For the sake of simplicity, IR-FS coatings are
used in this paper, and it is assumed that the selected thick-
ness of the films is appropriately small to maintain their
high transmissivity (∼1). To avoid potential discrepancies due
to an enhanced absorptivity for λL > 3.5 μm, the analysis
is performed at wavelengths λL < 3.5 μm. Nevertheless, the
theoretical framework presented in this paper can be extended
to describe energy absorption from the coating.

The multireflection theory applied to calculate the optical
parameters is assumed to provide an accurate methodology
to determine the optical response of the irradiated stack.
Although still untested in a double-layered stack consisting of
two transparent materials for mid-IR pulses, this theory yields
a satisfactory evaluation of the optical parameters for a variety
of materials [24,66,67]. More complex approaches involving
a detailed investigation of the electromagnetic wave propaga-
tion and the optical parameter evaluation for a two-layered
complex via the employment of a Maxwell solver coupled
to electron dynamics could be the subject of a future study
[68]. A future investigation can also involve the description of
optical and electromagnetic phenomena and the ultrafast dy-

namics in a multilayered stack of transparent films of various
thicknesses [18,19].

To summarize, the theoretical predictions presented in this
paper manifest that a modulation of the optical parameters,
ultrafast dynamics, DT, and features of excited SP is possible
through an appropriate selection of the thickness of SiO2.
Interesting physical phenomena and dependencies appear to
occur at various laser wavelengths and pulse durations, as-
suming different thicknesses of the coating. The development
of appropriate experimental protocols is certainly required to
validate the theoretical model. Further investigation in dif-
ferent conditions such as shorter pulse durations or longer
laser wavelengths will also allow us to attain a more com-
plete picture of the underlying physical mechanisms occurring
following irradiation of multilayered materials with mid-IR
femtosecond pulses.

VI. CONCLUSIONS

In this paper, a detailed analysis of the ultrafast phenomena
and thermal response of a SiO2 coating on Si of various
thicknesses of the coating following irradiation of the com-
plex with ultrashort pulsed lasers in the mid-IR range was
presented. Results demonstrated a periodic variation of the
optical parameters with the thickness of SiO2 derived via
the employment of multireflection theory. It was shown that
the periodic behavior was projected into the ultrafast dy-
namics of the excited carriers and thermal response of the
substrate, while no part of the laser energy was absorbed
from the coating itself. A remarkable impact of the coating
thickness was manifested, and it can be used to modulate the
DT of Si, while it was shown that this parameter can decrease
the threshold by up to ∼30% (depending on the pulse width)
in comparison with the value in the absence of the coating.
Similar conclusions were deduced for various fluences, pulse
durations, and laser wavelengths, while the pronounced role
of the absorbed energy from the substrate on the DT was
emphasized. Finally, it was shown that the coating thickness
can be exploited to control the features of the excited SP
modes [leading to a ∼30–35% variation in the SP periodicity,
propagation (∼70%) and decay lengths compared with predic-
tions in the absence of the coating] with a potential benefit to
applications in photonics, plasmonics, waveguide fabrication,
or nano/microfabrication. The elucidation of the laser-driven
physical phenomena that characterize the response of optical
coatings on materials with mid-IR femtosecond pulses via this
analysis and the remarkable predictions can be employed for
the development of tools for nonlinear optics and photonics
for a large range of mid-IR laser-based applications.

ACKNOWLEDGMENTS

The authors would like to acknowledge financial support
from the HELLAS-CH project (No. MIS 5002735), imple-
mented under the “Action for Strengthening Research and
Innovation Infrastructures” funded by the Operational Pro-
gramme “Competitiveness, Entrepreneurship and Innovation”
and cofinanced by Greece and the European Regional Devel-
opment Fund.

184113-15



G. D. TSIBIDIS AND E. STRATAKIS PHYSICAL REVIEW B 109, 184113 (2024)

[1] M. Ebrahim-Zadeh, G. Leo, and I. Sorokina, Mid-infrared co-
herent sources and applications: Introduction, J. Opt. Soc. Am.
B 35, MIC1 (2018).

[2] B. Jalali, Silicon photonics: Nonlinear optics in the mid-
infrared, Nat. Photonics 4, 506 (2010).

[3] H. Pires, M. Baudisch, D. Sanchez, M. Hemmer, and J. Biegert,
Ultrashort pulse generation in the mid-IR, Prog. Quantum
Electron. 43, 1 (2015).

[4] R. Soref, Mid-infrared photonics in silicon and germanium,
Nat. Photonics 4, 495 (2010).

[5] R. Stanley, Plasmonics in the mid-infrared, Nat. Photonics 6,
409 (2012).

[6] A. Rämer, O. Osmani, and B. Rethfeld, Laser damage in silicon:
Energy absorption, relaxation, and transport, J. Appl. Phys. 116,
053508 (2014).

[7] G. D. Tsibidis, M. Barberoglou, P. A. Loukakos, E. Stratakis,
and C. Fotakis, Dynamics of ripple formation on silicon sur-
faces by ultrashort laser pulses in subablation conditions, Phys.
Rev. B 86, 115316 (2012).

[8] P. P. Pronko, P. A. VanRompay, C. Horvath, F. Loesel, T. Juhasz,
X. Liu, and G. Mourou, Avalanche ionization and dielectric
breakdown in silicon with ultrafast laser pulses, Phys. Rev. B
58, 2387 (1998).

[9] E. Petrakakis, G. D. Tsibidis, and E. Stratakis, Modelling of
the ultrafast dynamics and surface plasmon properties of silicon
upon irradiation with mid-IR femtosecond laser pulses, Phys.
Rev. B 99, 195201 (2019).

[10] M. R. Shcherbakov, K. Werner, Z. Fan, N. Talisa, E.
Chowdhury, and G. Shvets, Photon acceleration and tunable
broadband harmonics generation in nonlinear time-dependent
metasurfaces, Nat. Commun. 10, 1345 (2019).

[11] K. Werner, V. Gruzdev, N. Talisa, K. Kafka, D. Austin, C. M.
Liebig, and E. Chowdhury, Single-shot multi-stage damage and
ablation of silicon by femtosecond mid-infrared laser pulses,
Sci. Rep. 9, 19993 (2019).

[12] S. Maragkaki, G. D. Tsibidis, L. Haizer, Z. Pápa, R. Flender,
B. Kiss, Z. Márton, and E. Stratakis, Tailoring surface topogra-
phies on solids with mid-IR femtosecond laser pulses, Appl.
Surf. Sci. 612, 155879 (2023).

[13] K. Werner and E. Chowdhury, Extreme sub-wavelength struc-
ture formation from mid-IR femtosecond laser interaction with
silicon, Nanomaterials-Basel 11, 1192 (2021).

[14] D. R. Austin, K. R. P. Kafka, Y. H. Lai, Z. Wang, K. K.
Zhang, H. Li, C. I. Blaga, A. Y. Yi, L. F. DiMauro, and E. A.
Chowdhury, High spatial frequency laser induced periodic sur-
face structure formation in germanium by mid-IR femtosecond
pulses, J. Appl. Phys. 120, 143103 (2016).

[15] J. Amirloo, S. S. Saini, and M. Dagenais, Comprehensive study
of antireflection coatings for mid-infrared lasers, J. Vac. Sci.
Technol. A 34, 061505 (2016).

[16] M. Zinoviev, N. N. Yudin, S. Podzvalov, E. Slyunko, N. A.
Yudin, M. Kulesh, I. Dorofeev, and H. Baalbaki, Optical AR
coatings of the mid-IR band for ZnGeP2 single crystals based
on ZnS and oxide aluminum, Crystals 12, 1169 (2022).

[17] G. D. Tsibidis and E. Stratakis, Influence of antireflection Si
coatings on the damage threshold of fused silica upon irradia-
tion with mid-IR femtosecond laser pulses, Opt. Lett. 48, 4841
(2023).

[18] R. Ricca and Y. Bellouard, Single-layer subwavelength
femtosecond-laser-induced confined nanocrystallization

in multistack dielectrics, Phys. Rev. Appl. 19, 044035
(2023).

[19] R. Ricca, V. Boureau, and Y. Bellouard, Ultrafast laser inter-
action with transparent multi-layer SiO2/Si3N4 films, J. Appl.
Phys. 130, 243105 (2021).

[20] A. Karalis, E. Lidorikis, M. Ibanescu, J. D. Joannopoulos, and
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Correction: A missing character in Eq. (9) has been inserted.
The previously published Figure 11 contained an error and
has been replaced. An error in Eq. SM.1 in the Supplemental
Material has been fixed.
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