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ABSTRACT
During the last decades, femtosecond laser irradiation of materials has led to the emergence of various applications
based on functionalization of surfaces at the nano- and microscale. Via inducing a periodic modification on
material surfaces (band gap modification, nanostructure formation, crystallization or amorphization), optical
and mechanical properties can be tailored, thus turning femtosecond laser to a key technology for development
of nanophotonics, bionanoengineering, and nanomechanics. Although modification of semiconductor surfaces
with femtosecond laser pulses has been studied for more than two decades, the dynamics of coupling of intense
laser light with excited matter remains incompletely understood. In particular, swift formation of a transient
overdense electron-hole plasma dynamically modifies optical properties in the material surface layer and induces
large gradients of hot charge carriers, resulting in ultrafast charge-transport phenomena. In this work, the
dynamics of ultrafast laser excitation of a semiconductor material is studied theoretically on the example of
silicon. A special attention is paid to the electron-hole pair dynamics, taking into account ambipolar diffusion
effects. The results are compared with previously developed simulation models, and a discussion of the role of
charge-carrier dynamics in localization of material modification is provided.

1. INTRODUCTION
Laser-induced modification of materials is one of the key technologies for the development of photonic applications. The modification phenomenon itself is extremely complicated and can proceed by different routes with
different consequences through laser-induced melting1 followed by amorphization and/or crystallization, nanostructure formation,2 nanoparticle formation, ablation3 and, as found recently, band-gap modification.4
Homogeneous, heterogeneous, and non-thermal melting. Starting from a certain laser pulse energy,
a laser-irradiated material experiences melting of a superficial surface layer within the electron-phonon coupling
time. For nanosecond laser irradiations, pump-probe experiments1, 5 demonstrate the formation of a melting front
evolving from the surface towards the bulk of the material, so-called heterogeneous melting.6 At ultrashort laser
pulses, as the melting front velocity cannot be faster than the speed of sound in the irradiated material (close to
5,000 m/s in Si), overheating of the material can occur resulting in fluctuations of the local lattice temperature
at the melting front.7 Similarly to metals,8 in silicon so-called homogeneous melting can develop via nucleation
of homogeneously distributed melting centers, located below the surface of the irradiated material in the regime
of critical kinetic limit of the melting front.7 Hence, both surface and sub-surface melting phenomena can
transiently happen upon laser irradiation, depending on the applied laser fluence and pulse duration.9
Ultrafast excitation of semiconductors at fluences above the damage threshold proceeds through a highly
reflective, metal-like phase upon the development of a dense, overcritical electron-hole plasma.10 If a significant
percent (∼10-15%) of the valence electrons is excited to the conduction band, such strong electronic excitation
is almost immediately followed by bond softening, leading to lattice destabilization and the appearance of nonthermal phase transitions (ultrafast or non-thermal melting) on a sub-ps time scale11, 12
Subsurface overheating and volumetric ablation at nanosecond laser irradiation. For nanosecond
irradiation regimes, the possibility of sub-surface (volumetric) nucleation of the vapor phase with consequences
in explosive boiling (phase explosion) has been proven.13–17 The mechanism is the following. Laser light is
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-
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-

Bulgakova et al36
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0.18†
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-

-

-

34.6 × 10−11

0.18

-

2 × 10−11

0.18

500

-

-

-

-

∼ 10 fs

Sabbah et al

Reitze et al

50

Choi et al51
Fischetti et al

52

6.8 × 10

Table 1: List of free parameters used in several modeling studies for the laser wavelength of λ = 800 nm. ∗ Laser
wavelength was λ = 625 nm in this study. † : In this study, electron-hole pair binding was also calculated
explicitly via solving the Poisson equation.
absorbed by electrons whose thermalization with material lattice can be considered to occur instantaneously as
compared with pulse duration. Although at certain conditions equilibrium between free electrons and lattice
can be violated,18 normal vaporization from the surface dominates at relatively low laser fluences.13–15 With
increasing laser fuence, vaporization of material from the surface cools down the surface while a subsurface layer
may experience heating close to the thermodynamic critical temperature. As a consequence, swift homogeneous
nucleation of the vapor phase and growing of the vapor bubbles result in the rupture of the superheated layer
into a mixture of vapor and liquid droplets. However, the question on subsurface melting while the surface stays
solid is still debated.19, 20
Material modification with femtosecond lasers. In the regimes of femtosecond laser irradiation, the
situation is different. As the electron-lattice thermalization time is considerably larger as compared to pulse
duration (for silicon, it is of several picoseconds, depending on laser-excited plasma density),21 electrons absorbing
laser radiation are gaining high kinetic energies, while lattice stay cold during irradiation time.10, 22–28 As a
whole, at ultrashort laser pulses, non-equilibrium electron dynamics dominate over thermal effects in band gap
materials.21, 29–35 The resulting material modification and its localization strongly depend on the dynamics of
excited electrons wherever it can be observed, at the surface or below the surface level.
At the spatial scale of the laser spot size (typically from several to dozens micrometers), the hydrodynamic approach is an efficient way to describe the carrier dynamics and to quantitatively analyze the available experimental
measurements.36–43 In particular, continuum modeling allows to study the excitation dynamics,30, 39, 41, 44–47 with
interpreting numerically the pump-probe reflectivity measurements available in literature. However, the most
of continuum models suffer from the necessity of using free parameters such as carrier collision frequency or
the two-photon absorption rates. Such parameters are usually derived from experimental studies but they are
varied in a rather wide range from one to another work (see Tab. 1). As often several adjusting parameters are
introduced to a model while sensitivity of continuum simulations to them is very high, this limits predictability
of material modification as function of the laser irradiation parameters.
To make an attempt of overcoming this difficulty, we have performed a study using a two-temperature
model aimed at describing the dynamics of electron-hole pairs of femtosecond-laser irradiated silicon.30, 45, 46
The description is mainly based on the well-established macroscopic formulation of van Driel et al ,53, 54 where
the ambipolar diffusion of electron-hole pairs is described using a reduced mobility coefficient. The model whose
details are presented below allows to calculate the transient dynamics of the reflectivity as a function of time and
laser parameters. A similar approach was recently used47 for normally incident beams with sample reflectivity to
be accounted only for the parameters on the surface of the excited material. In our case, a multilayer reflectivity
model is applied10, 30, 45, 55, 56 which integrates the modification of refractive index over the laser-excited layer of
a material as a function of time. Monitoring of the balance of the laser energy distribution between the kinetic
and potential energy channels is also performed in simulations.
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2. MODELING THE TRANSIENT EXCITATION OF SILICON
The model detailed in this part is based on the description of the carrier dynamics using the ambipolar diffusion
formalism, where the quasi-neutrality of charge carriers is assumed. In the ambipolar diffusion approach, the
densities of the conduction-band (CB) electrons Ne and electron-hole pairs Ne−h are taken equal:
Ne ≡ Ne−h .
It is also assumed that the temperatures of electrons and holes are also equal:
Te ≡ Te−h .
If to separately consider the electrons and holes (e.g., when electron photoemission and its consequences are
of interest), the ambipolar diffusion should be explicitly described as the electrostatic interaction between the
conduction electrons and the holes via solving the Poisson equation.36, 57, 58 In the present work, a simpler
formulation is used as developed by van Driel.53 The energy transport due to gradients of carrier density and
temperature is also added in the present simulations.

2.1 Calculations of the optical response
As the inhomogeneity of the electron density profile influences the sample reflectivity,55 its value R is calculated
using the multilayer reflectivity model
2
R = |r0,N | .
Here N is the number of considered layers, which are thin enough to assume that the carrier density is only
slightly varying across the layer (the latter is typically equal to the numerical cell size). The reflectivity rj,k
between layers j and k is calculated by the recurrent relation as
rj,k =

rj,j+1 + rj+1,k e2iφj+1
.
1 + rj,j+1 rj+1,k e2iφj+1
2πh

j+1
The phase φj+1 of the monochromatic light in a layer j + 1 of thickness hj+1 is expressed as φj+1 =
×
λ
√
59, 60
εj+1 . The coefficient rj,j+1 is given by the angle- and polarization-dependent Fresnel coefficients.
For s
polarization, one has
q
√
ε
cos
θ
−
εj+1 − εj sin2 θ
j
(s)
q
rj,j+1 (θ) =
.
(1)
√
εj cos θ + εj+1 − εj sin2 θ

where εj and εj+1 are the dielectric permittivities of the laser-excited Si in the layers j and j + 1 respectively; θ
is the angle of incidence of the laser wave on the sample surface. Note that this formulation is valid for relatively
low values of incidence angles. For p polarization, it reads as
q
√
ε
cos
θ
−
ε
εj+1 − εj sin2 θ
j
j+1
(p)
q
rj,j+1 (θ) =
.
(2)
√
εj+1 cos θ + εj εj+1 − εj sin2 θ
It is important to mention that convergence of the sample reflectivity can be obtained if using a regular fine
mesh below the surface until a certain depth where the gradients of the excited matter parameters are becoming
small. In deeper regions of the sample, an irregular grid may be used with a progression in size smaller than 1%
for two neighboring cells.
The dynamic change of the refractive index is described by taking into account collective response of electrons
as well as the transient response of the molten material via using the following formalism. The transient optical
response of electrons is described via the Drude-like dielectric permittivity10
ε∗Si (Ne−h ) = 1 + [εSi (ω, TSi ) − 1]

2
ωpe
(Ne−h )
N0 − Ne−h
,
− 2
N0
ω 1 + i ων
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q
Ne−h e2
where ωpe =
me m∗ ε0 is the plasma frequency, ν is the electron collision frequency chosen to be equal to a
constant which can be adjusted to better fit experimental data,36 N0 is the density of valence electrons in the
unexcited material state, and m∗ is the effective mass of electrons in Si.10, 48 The free-carrier heating is also
described by a Drude model.10, 36, 61
Both solid and liquid Si have a temperature-dependent dielectric permittivity εSi (ω, TSi ). Thus, two models
have been used jointly, based on the works of Jellison et al.62, 63

2.2 Calculations of the electron-hole pair density Ne−h
The evolution of the density of the electron-hole (e-h) pairs with accounting for their transport is calculated via
solving the continuity equation in the form
∂Ne−h
+ ∇ · J e−h = Ge−h + Re−h .
∂t

(3)

The ambipolar diffusion current J e−h can be described by assuming that the Fermi integrals are close53 to 1




Ne−h
2Ne−h

J e−h = −De−h × 
∇Ne−h + 2Te−h ∇Te−h + kB Te−h ∇Eg  .
{z
}
|

(4)

∗

In this and following equations, the curly brackets marked by asterisk (∗) indicate the terms which were
neglected in our previous studies for simplicity reasons.30, 45, 64 The ambipolar diffusion coefficient De−h is given
by54
µe × µh
2kB Te−h
×
.
(5)
De−h =
e
µe + µh
As proposed by van Driel ,53 a harmonic average is taken for the free electron and hole conductivities to describe
the electron-hole pairs diffusion coefficient De−h . Interestingly, the mobility can be strongly reduced during the
femtosecond laser interaction.65 As we also would like to match the mobility with experimental measurements,
we keep the mobilities to be constant but ten times reduced as compared with the normal conditions: µe = 0.015
m2 /(V·s) for electrons and µh = 0.0045 m2 /(V·s) for holes.36
By combining Eqs. (3) and (4), we obtain








∂Ne−h
Ne−h
2Ne−h

+∇·
−De−h × 
∇Ne−h +
∇Te−h +
∇Eg 


 =
∂t
2Te−h
kB Te−h
|
{z
}

(6)

∗

= Ge−h + Re−h .
More details can be found in the paper by Young et al.,66 where, interestingly, it was shown that the
independent-particle Boltzmann transport theory disregarding temperature gradients67, 68 overestimates the values of the ambipolar diffusion coefficient. Note that we also disregard the change of the band gap, keeping it
constant in these simulations, while in future works its shrinking and collapse is planned to be accounted for
describing non-thermal and thermal melting effects. In the present study, the band gap energy of silicon Eg is
taken to be equal to that at 300 K, Eg0 = 1.12 eV.
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2.3 Energy transport equation: taking into account the ambipolar diffusion
The transport of energy by e-h pairs can be calculated by solving the energy balance equation in the form53, 54

Ce−h

∂Te−h
+ ∇ · [4kB Te−h × Je−h ] = ∇ [κe−h ∇Te−h ] + Se−h .
∂t
{z
}
|

(7)

∗

where Ce−h = 32 kB Ne−h is the classical limit of the heat-capacity of electrons. The flux of the e-h pairs Je−h is
given by Eq. (4). The thermal conductivity reads as
2
2kB
Te−h Ne−h (µe + µh )
(8)
e
Note that, in this case, the electron mobility µe is not averaged as heat conductivity depends on the electron
collision frequency and, hence, is not directly governed by the electron-hole interaction field. In other words, the
thermal diffusivities of electrons and holes are additive.53, 54

κe−h =

Finally, the energy transport equation (7) can be rewritten as



∂Te−h
Ne−h
2Ne−h
Ce−h
− ∇ · 4kB Te−h × De−h × ∇Ne−h +
∇Te−h +
∇Eg =
∂t
2Te−h
kB Te−h
{z
}
|

(9)

∗

= ∇ [κe−h ∇Te−h ] + Se−h + C.
where ∇Eg is the band gap energy gradient which, as mentioned above, is disregarded here.

2.4 Electron-lattice coupling and screening
The electron-hole coupling is given by the expression
C = −γe−ph (Te−h − TSi )
e−h
where γe−ph = τCe−ph
. Screening of electron-phonon coupling at high free electron densities21, 69 was experimen70
max
tally measured and considered theoretically30 with the maximum coupling time τe−ph
of 2 ps:

−1

screening
−1
max −1
τe−ph
= τe−ph
+ τe−ph
(10)

The density-dependent electron-phonon coupling time is21
"

2 #
Ne−h
screening
τe−ph
= τ0 1 +
,
Ncrit

(11)

where the critical carrier density for screening Ncrit = 6.02 × 1021 cm−3 and τ0 = 240 fs.
The lattice temperature is calculated by solving the heat-flow equation
∂TSi
= ∇ (κSi ∇TSi ) + γ (Te − TSi )
(12)
∂t
accounting for the transport of heat in the excited-solid and in the hot-liquid layer. Both the heat capacity
CSi and the thermal conductivity κSi of silicon both depend on the liquid density fraction η in the laser-excited
(s)
(l)
(s)
volume and were calculated here as CSi (TSi ) = (1 − η) CSi (TSi ) + ηCSi (TSi ) and κSi (TSi ) = (1 − η) κSi (TSi ) +
(l)
(s)
(s)
ηκSi (TSi ). For non-molten (solid) silicon, the heat capacity CSi and the thermal conductivity κSi are given by71
−5
(s)
(s)
−1.23 5, 72
CSi [J/(kg·K)]= 103 × (0.899e5.455×10 ×TSi − 0.959e−0.004218×TSi ) and κSi [W/(m·K)]= 1.585 × 105 TSi
,
(l)
73
3
6
respectively. For the liquid state, the corresponding parameters are CSi (TSi )[J/(m · K)] = 2.633 × 10 and74
(l)
κSi (TSi )[W/(m·K)]= 50.2 + 29.3 × 10−3 (TSi − Tm ). The melting temperature Tm of silicon is 1687 K at normal
pressure.75 The melting process is considered here by keeping the local temperature constant at Tm until the
internal energy increase reaches the melting enthalpy26 ∆Hm = 4.2 × 109 J/m3 .
CSi
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2.5 Excitation rates of electron-hole pairs
The description of free-carrier generation takes into account excitation of electrons from the valence band (VB)
to the conduction band (CB) via one- and two-photon absorption and collisional (impact) ionization with probabilities σ1 , σ2 , and δII respectively:53

 †
σ1 I
σ2 I 2
N0 − Ne−h
Ge−h =
.
+
+ δII Ne−h
~ω
2~ω
N0†
Here N0† is the atomic density of unexcited material. Recombination of the e-h pairs is considered as the Auger
process which is calculated as
h
−1 i
2
Re−h = Ne−h / τAR + CAR Ne−h
with CAR = 3.8 × 10−43 m6 /s.76, 77 At high free electron densities ∼ 1021 cm−3 , the characteristic recombination
time τAR saturates at the level of 6 ps.78
Laser light attenuation upon beam propagation toward the sample depth is described by the Beer-Lambert
law with accounting for the energy losses in the photo-ionization events and inverse bremsstrahlung absorption:
dI
= −(σ1 I + σ2 I 2 + αB I).
dz
The intensity at the surface is determined via transiently changing reflectivity:
I(t, x, z = 0) = [1 − R (t)] I0 (x, t).
The bremsstrahlung absorption coefficient is calculated as αB =

√
4π
λ Im εf cr

wherein εf cr = 1 −

2
ωpe
ν
ω 2 (1+i ω
)

.

The energy source is written as in the work by Bulgakova et al.36 In the general case, it should account for
the temporal change of the band gap Eg :

σ1 I
σ2 I 2
Se−h = (~ω − Eg )
+ (2~ω − Eg )
~ω
2~ω
−δII Eg Ne−h ] ×

N0† − Ne−h
N0†

3
∂Ne−h
+ αB I +Eg Re−h − kB Te−h
|{z}
2
∂t
∗

 ∂Ne−h
∂Eg
−Ne−h
− Eg − Eg0 ×
∂t
∂t }
|
{z
∗

which, however, is not considered here. Note that in works30, 64 the inverse bremsstrahlung absorption was
disregarded.

2.6 Boundary conditions
The electron photoemission from the sample surface is not taken into account and the computational domain
in the sample is sufficiently large to secure that the charge-carrier flux is equal to zero at the remote boundary.
Hence, the condition J e−h = −De−h ∇Ne−h = 0 is applied for both the surface and the remote boundary of
the sample. The similar boundary conditions are imposed on the heat transfer by electron-hole pairs and silicon
lattice: Qi = −κi ∇Ti = 0.

2.7 Selection of the free parameters
The optical mass m∗ is related to the electron temperature. The values close to m∗ = 0.18 describe accurately
several sets of experimental data.10, 21, 48 Hence we choose this value for our study. It is known that the mobilities
of charge carriers in highly-excited semiconductors decrease as compared to unexcited state.65, 66, 79, 80 As was
mentioned above, the mobilities µe and µh were set constant but reduced.36
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Parameter
Laser wavelength
Pulse duration
Angle of incidence
Polarization
Collision frequency
Electron effective mass
Electron mobility
Hole mobility

Symbol
λ
τ
θ
ν −1
m∗
µe
µh

Value
800
100
0◦
linear
∼ 1.25
0.18
0.015
0.0045

Unit
nm
fs
fs
m/(V·s)
m/(V·s)

References

36
10, 21, 48
36
36

Table 2: Laser irradiation parameters and the properties of the excited electrons and holes used in the present
simulations.

Figure 1: Evolution of the electron temperature with time during and after the laser pulse (laser fluence F0 = 0.8
J/cm2 ). Two models of mobility/diffusion are compared. In a “plasma mobility” model, ambipolar diffusion
q
is disregarded and the electron mobility is used instead in the form µe = mν
(see30, 45, 64 ). The data marked
“ambipolar diffusion” are obtained with the improved model described in Section 2.

3. RESULTS OF NUMERICAL SIMULATIONS
The model equations were calculated using finite-difference implicit numerical scheme. For the aim of comparing
the improved model, described in Section 2, with other models, this section considers parameters that were
treated historically in a previous series of papers.30, 36, 45 In particular, the maximum free electron temperature
of the order of 6-7 eV was reported for the peak fluence of 0.8 J/cm2 and 100 fs pulse duration.36

3.1 Transient maximum of carrier kinetic energy
In a number of previous studies,30, 39, 41, 51, 64, 81 laser-induced excitation of e-h pairs in silicon was considered
with accounting for exchange of energy with lattice. However, the energy transported due to diffusion of e-h
pairs was underestimated. A more accurate description of the ambipolar diffusion was given in sophisticated
studies involving charge separation and solving the Poisson equation, that is laborious and computer-resources
consuming.36, 57, 58 In this section, we compare the two approaches and, in addition, take into account the transport of carriers induced by the gradients of the electron temperature.53, 54 Laser and charge-carrier parameters
used in simulations are summarized in Table 2.
Figure 1 presents the evolution of the conduction electron temperature as a function of time at the laser
fluence of 0.8 J/cm2 . When disabling any electronic transport (not shown here), Te−h reaches the level of 30 eV
(∼348,000 K). In the ”plasma mobility” model, the charge carrier diffusion due to only the e-h density gradient
was taken into account (Eq. (6)), the electron mobility was used for calculating the diffusion term, and the heat
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transport (Eq. (9)) was governed only by the electron heat conductivity.30, 45 This model yields the maximum
electron temperature ∼19 eV which then decreases due to mainly the electron heat conduction (Fig. 1, red line).
When using the ambipolar diffusion model detailed in Section 2 with, however, disregarded the band-gap
shrinking, the maximum electron temperature drops to ∼13 eV for F0 = 0.8 J/cm2 (Fig. 1, blue line). Such
considerable drop originates from the more accurate description which accounts self-consistently for the diffusive
transport of the carrier mass and energy in the model (indicated by brackets with asterisks in the equations
of Section 2). Such electron temperature is still approximately two times higher in comparison with 6-7 eV
reported by Bulgakova et al.36 for the same irradiation regime. Note that, in the latter cited work, a depletion
of a surface layer from electrons due to electron photoemission was taken into account. As the result, the local
charge-carrier energy at the surface can occur smaller than in the present study due to less efficient absorption
in the surface layer depleted from electrons. However, this does not mean that the overall energy balance is
considerably different. According to simulations,36 depletion of electrons takes place from a surface layer of only
few nanometers thick while, in the rest part of the sample, the carrier dynamics can be similar to that observed
in the present study. Nevertheless, it should be pointed that the drift-diffusion transport of charge carriers and
associated energy transport can also be affected by the transient photoemission-induced electric field, the effect
which calls for further studies.

3.2 Monitoring the energy balance
Figure 2(a)-(b) presents the energy balance evolution as a function of time. The energy balance was monitored
by two ways. Using the dynamic reflectivity, the absorbed laser fluence was integrated over time. At the same
time, the fractions of the absorbed laser fluence (potential energy of electrons, or Ne (t) × Eg ; kinetic energy of
electrons; energy transferred from the electrons to the lattice) and their redistribution in time and depth were
calculated during simulations.
For relatively low laser peak fluences [Fig. 2(a), F0 = 0.12 J/cm2 , near the melting threshold], the potential
energy of the excited electrons is ∼ 27.5% of the absorbed laser energy while ∼ 55% of it is consumed by free
electrons in the form of their kinetic energy increase. The Auger recombination process, which is very slow in
this regime (see Section 2.5), gradually transfers the potential energy back to the kinetic energy (almost unseen
at the timescale of 3 ps) which then is transferred to the lattice. At high fluences [Fig. 2(b), F0 = 0.8 J/cm2 , well
above the ablation threshold], 35% of the laser energy are back-reflected while the rest energy is distributed as
follows. Only 5% of the incident energy are spent for the excitation of electrons from VB to CB and the rest 60%
are consumed for the thermal heating of the electrons, in their turn transferring the energy to the lattice with
time. This figure demonstrates a very good conservation of the total laser energy in the used numerical scheme.
It shows that, the fraction of the absorbed laser energy, which is spent for the electron heating, considerably
increases with laser fluence that, according to the simulations, results in the efficient electron-lattice energy
exchange already at subpicosecond tome scale. At high laser fluences it can plausibly lead to thermal melting
shortly after the laser pulse, already at femtosecond time scale. However, a deeper insight is required for taking
into account such phenomena as, on one hand, superheating of solid material at ultrafast energy coupling8 and,
on the other hand, non-thermal melting.12

3.3 A possibility of sub-surface melting?
In the simulations, due to strong gradients of the electron-hole density Ne−h and temperature Te−h in the laserexcited silicon layer, the electron-phonon coupling becomes most efficient at certain depth beneath the sample
surface where Ne−h ≤ Ncrit , see Eq. (11). Accounting for electron lattice thermalization according to Eq.
(11) leads most probably to overestimating the electron-phonon coupling time when the carrier density Ne−h
considerably exceeds the critical carrier density for screening Ncrit .21, 30, 70 As liquid silicon has metal-like optical
properties (<e (εl-Si ) ∼ −13 for 800 nm wavelength), the temporal dynamics of the sample reflectivity can be
affected during the melting process by appearance a metal-like liquid silicon layer. According to preliminary
simulations, such sub-surface melting generates oscillations in the temporal reflectivity profile due to interfering
of probe pulse with its parts reflected from moving melting interfaces.3, 59 To provide a more physically grounded
model of material melting, the Ne−h -dependent electron-phonon coupling time was limited to the experimentally
proven maximum value of 2 ps30, 70 (see Eq. (10)). Note that the refractive index of Si is also dependent on the
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Figure 2: (a-b) Energy balance evolution with time for peak fluences of (a) F0 = 0.12 J/cm2 and (b)F0 = 0.8
J/cm2 . The laser pulse maximum is at t = 0.
lattice temperature that was taken into account in the simulations, using adjusting functions to the available
experimental data.62, 63 The simulations for direct comparison with pump-probe experiments on dynamic silicon
reflectivity are under progress and will be published elsewhere.

4. CONCLUSION
The continuum modeling approach for the description of the ultrashort-laser excitation dynamics of semiconductors has been improved with accounting for the ambipolar diffusion of free carriers. Its application for silicon
has been developed and tested. Comparisons with previously obtained simulation results demonstrate a high
importance of the ambipolar diffusion terms in the model, both in the equation for the free-carrier generation
and transport and in the energy balance equation, which are widely neglected for simplicity. The numerical
implementation of the presented model has proven accurate energy conservation at relatively low and high laser
fluences. To account for the contribution of free-carrier density gradients inside the sample to the transient
sample reflectivity, a multilayer model of reflectivity is used, opening the way for the direct comparison of modeling results with temporal evolution of material reflectivity under real experimental conditions. Contributions
of screening of the electron-phonon coupling as well as of homogeneous, heterogeneous, and non-thermal melting
to transient reflectivity dynamics of silicon is under study.
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[47] Rämer, A., Osmani, O., and Rethfeld, B., “Laser damage in silicon: energy absorption, relaxation and
transport,” J. Appl. Phys. 116, 053508 (2014).
[48] Sabbah, A. and Riffe, D., “Femtosecond pump-probe reflectivity study of silicon carrier dynamics,” Phys.
Rev. B 66, 165217 (2002).
[49] Bristow, A. D., Rotenberg, N., and van Driel, H. M., “Two-photon absorption and kerr coefficients of silicon
for 850 - 2200 nm,” Appl. Phys. Lett. 90, 191104 (2007).
[50] Reitze, D., Zhang, T., Wood, W. M., and Downer, M. C., “Two-photon spectroscopy of silicon using
femtosecond pulses at above-gap frequencies,” J. Opt. Soc. Am. B 7, 84 (1990).
[51] Choi, T. Y. and Grigoropoulos, C. P., “Plasma and ablation dynamics in ultrafast laser processing of
crystalline silicon,” J. Appl. Phys. 92, 9 (2002).
[52] Fischetti, M. and Laux, S., “Monte carlo analysis of electron transport in small semiconductor devices
including band-structure and space-charge effects,” Phys. Rev. B 38, 14 (1988).
[53] van Driel, H. M., “Kinetics of high-density plasmas generated in Si by 1.06- and 0.53-µm picosecond laser
pulses,” Phys. Rev. B 35, 8166 (1987).
[54] Chen, J., Tzou, D., and Beraun, J., “Numerical investigation of ultrashort laser damage in semiconductors,”
International Journal of Heat and Mass Transfer 48, 501 (2005).
[55] Vinet, J. Y., Combescot, M., and Tanguy, C., “Influence of the electron-hole density profile on the reflectivity
of laser irradiated silicon,” Solid State Commun. 51, 171 (1984).
[56] Bulgakova, N. M., Stoian, R., and Rosenfeld, A., “Laser-induced modification of transparent crystals and
glasses,” Quantum Electron. 40, 966 (2010).
[57] Bulgakova, N. M., Stoian, R., Rosenfeld, A., Hertel, I., and Campbell, E., “Electronic transport and consequences for material removal in ultrafast pulsed laser ablation of materials,” Phys. Rev. B 69, 054102
(2004).
[58] Silaeva, E. P., Vella, A., Sevelin-Radiguet, N., Martel, G., Deconihout, B., and Itina, T. E., “Ultrafast
laser-triggered field ion emission from semiconductor tips,” New Journal of Physics 15, 089401 (2013).
[59] Born, M. and Wolf, E., [Principles of Optics. Electromagnetic theory of propagation, interference and diffraction of light. ], Cambridge University Press, 7th edition ed. (1980).
[60] Jackson, J. D., [Classical Electrodynamics ], Wiley, 3rd edition ed. (1999).
[61] Van Exter, M. and Grischkowsky, D., “Carrier dynamics of electrons and holes in moderately doped silicon,”
Phys. Rev. B 41, 12140 (1990).
[62] Jellison, G. and Modine, F., “Optical absorption of silicon between 1.6 and 4.7 ev at elevated temperatures,”
Appl. Phys. Lett. 41, 2 (1982).
[63] Jellison, G. E., “Optical constants for silicon at 300 and 10 K determined from 1.64 to 4.73 eV by ellipsometry,” J. Appl. Phys. 53, 3745 (1982).
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