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Abstract The transmission of a Ti:sapphire laser beam
(c.w. and fs pulsed operation at 800 nm) through a 10 µm
thin oxidized silicon membrane at 45◦ angle of incidence
at first increases with the incident laser power, then
shows a maximum, and finally decreases considerably.
This nonlinear transmission behavior is the same for c.
w. and pulsed laser operation and mainly attributed to
free charge carrier (FCA) absorption in Si. A simple FCA
model is developed and tested.

1 Introduction

Today silicon (Si) continues to be a prominent material
in microelectronics, optoelectronics, micromechanics, so-
lar cells, and increasingly in photonics. To prepare, mod-
ify and/or shape Si material and delicate Si devices, a
broad spectrum of techniques has been established. In
particular laser technology provides a manifold of re-
mote, contactless, spatially confined and time controlled
methods for e.g. doping, annealing, crystallization, and
ablation. These require, however, a proper control and
understanding of the linear and nonlinear optical prop-
erties of Si. Typically laser light shows a narrow spectral
bandwidth, high intensity as well as spatial and temporal
confinement. Therefore particularly the nonlinear opti-
cal properties of Si are of utmost importance including
their laser induced changes by heating and/or electronic
excitation.

Some of the nonlinear optical properties of Si may oc-
cur simultaneously and be difficult to discriminate like
e.g. coherent two-photon absorption (TPA), free car-
rier absorption (FCA), and thermally induced absorp-
tion enhancement (TAE) [1]. Moison et al. argue that
TAE is dominant over FCA for probe photon energies
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hν ≥ 2 eV, whereas FCA dominates for hν < 2 eV. Co-
herent TPA, on the other hand, is unlikely for photon
energies below half of the bandgap for the direct optical
interband transition, i.e. hν < 1.7 eV (λ > 730 nm). This
statement is important because many laser experiments
with Si nowadays are performed with Ti:sapphire fem-
tosecond (fs) lasers operating in this wavelength range
at high intensity. The above findings were, however, ob-
tained at a low laser pulse repetition rate of 20 Hz only [1]
whereas fs lasers typically provide repetition rates of
1 kHz with amplifiers or even 80 MHz in the oscillator
mode.

The lifetime of thermalized electrons in the conduc-
tion band (CB) of Si, or equivalently, of thermalized
electron-hole (eh) pairs ranges around τeh ≈ 10µs for in-
trinsic and weakly doped Si samples [2–4]. This relatively
long lifetime reflects the indirect character of the optical
interband transition in Si and is much longer than the
typical duration of ultrashort (fs to ps) or even short (ns
to µs) laser pulses. Therefore eh pairs can accumulate in
Si during long laser pulses and/or during a pulse train
of about 100 kHz or higher repetition rate. This leads to
increasingly strong absorption of the laser beam by free
charge carriers in two ways (i) FCA is possible within the
same laser pulse (a) by ”hot” charge carriers (directly af-
ter generation) and (b) by ”cold” carriers in relatively
long laser pulses (”cooling” within about 100 fs [6]). (ii)
FCA by ”cold” carriers occurs in the subsequent laser
pulse if its delay is shorter than the eh pair lifetime.

FCA has a long history of more than half a century
(cf. e.g. [5]), and was at first investigated by standard
spectroscopy and conventional free charge carrier gener-
ation. With the advent of lasers, however, the contactless
and well confined photo generation of free carriers has
become amenable, convenient, and increasingly impor-
tant in both, laser processing and diagnostics.

In this paper the same Ti:sapphire laser is applied in
both operational modes, continuous wave (c.w.) and fs
pulse trains, to investigate the nonlinear optical behavior
of the same 10µm thin Si sample by measuring the aver-
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Fig. 1 Scheme of the experiments to compare laser beam
reflection from and transmission through thin silicon mem-
branes; external angle of incidence θ = 45 ◦; propagation an-
gle within silicon γ ≈ 11 ◦.

age laser power reflected from and transmitted through
this membrane as a function of the incident laser power
(fig. 1). The main experimental findings, independently
obtained in two laboratories under slightly different con-
ditions, are essentially identical for c.w. and pulsed op-
eration at 800 nm (1.55 eV). They are discussed in terms
of FCA and compared to previous findings in the litera-
ture.

2 Experiments

For the transmission measurements two similar experi-
mental setups at two institutes, the IPHT (Leibniz In-
stitute of Photonic Technology) and the LRI (Laser Re-
search Institute) are used. Both setups feature a Ti:sapphire
laser beam (λ ≈ 800 nm) to irradiate the Si sample
at an external angle of incidence θ = 45 ◦ (figure 1).
Commercial oscillators (IPHT: Coherent Mira 900F, LRI:
Spectra Physics, 3941-M3S, Tsunami) provide average
powers up to 1 W at 76 MHz and 80 MHz repetition rate,
respectively. The pulse durations of 130 fs (IPHT) and
75 fs (LRI) are determined by APE Pulse Scope autocor-
relator (IPHT) or a custom built autocorrelator (LRI).
At both research facilities, pulsed and c.w. laser irradi-
ation is applied. The beam polarization (p-polarization)
is defined by polarizing beam splitters (PBS) combined
with two half-wave plates for power adjustment and po-
larization control.

At the IPHT the 130 fs pulses are prolonged to about
138 ± 4 fs by the calcite PBS as confirmed by the au-
tocorrelation measurements. The incident laser light is
focused onto the sample surface by a combination of
f1 = −50 mm and f2 = 35 mm lenses to a focal spot
diameter of (13±2)µm. The focal plane position is con-
trolled by a z-scan like measurement. The transmitted
light is collimated by a f3 = 100 mm lens. Two identi-
cal photomultiplier tubes (PMT, Hamamatsu H10720P-
110) with neutral density filters (OD>4) are connected
to two identical photon counters (SRS, SR430) for simul-
taneous signal recording in transmission and reflection
directions. Furthermore simple air flushing is optionally
applied for sample cooling.

At the LRI, the 75 ± 5 fs laser pulses are prolonged
to about 96 fs by the optical components including the
PBS. The beam is collimated, focused by two lenses
(f4 = −50 mm and f5 = 35 mm) with a focal diam-
eter of (13 ± 2)µm. The transmitted light is collected
by a lens with f6 = 125 mm. Power meters are used to
measure the transmitted and reflected average powers.

The samples are prepared from commercial 〈100〉-
Si wafers by chemical etching using tetramethylammo-
nium hydroxide (TMAH) to produce thin membranes
of 3×3 mm2 area and a thickness of zm ≈ 10µm. The
wafers are slightly p-doped (3 . . . 6 · 1014 cm-3). Prior to
investigations, the membranes are cleaned by using ace-
tone and hydrofluoric acid to remove dirt and old oxide
layers, respectively. In contact with air, the clean sur-
faces oxidize under dark room conditions reaching an
equilibrium thickness of (2.5 ± 0.5) nm within 48 hours
(cf. e.g. [7]).

3 Results and Discussion

Continuous wave and pulsed laser radiation (λ = 800 nm)
were applied at 45 ◦ external angle of incidence onto thin,
naturally oxidized Si membranes of about 10µm thick-
ness. Figure 2 shows the results of laser beam reflection
from (part A) and transmission through the membrane
(part B) as a function of the incident average laser power
Pin up to about 0.8 W on the sample, equivalent to aver-
age intensities of up to 4.3 ·105 W/cm

2
(IPHT and LRI).

It is pointed out that the same transmission values are
measured for rising or decreasing laser power Pin (i. e.
no hysteresis).

Laser beam reflection Pre displays a nearly perfect
linear dependence on the incident laser power Pin (part
A, fig. 2). This finding is in agreement with previous re-
ports (cf. e.g. [8]) and confirms the validity of the Fresnel
equations using the optical constants of the sample un-
der ambient conditions. The transmitted laser power Ptr

deviates, however, considerably from linearity (part B,
fig. 2) for both, pulsed and c.w. laser irradiation: Start-
ing with an initial linear increase of Ptr for low power
Pin < 0.3 W, the transmission reaches a maximum value
at Pin ≈ 0.5 W for c.w. and at 0.6 W for pulsed irradia-
tion. For higher laser power Pin the transmission signal
Ptr decreases again. This behavior is slightly affected
by air flushing of the sample, yielding higher Ptr val-
ues (fig. 2, part B). Contributions from internally re-
flected beams to the transmitted laser power Ptr are
negligible (≤ about 2%) because of the high reflection
losses at the interfaces, even without any account for
laser beam attenuation by absorption and/or scattering.
The average pulse peak intensities on the sample amount
to 41 GW/cm2 (IPHT) and 59 GW/cm2 (LRI) averaged
over the beam cross section and the pulse duration.

Following the essence of many articles on laser in-
teractions with Si, the discussion at first is focused on
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Fig. 2 Average laser power reflected from (A) and trans-
mitted through (B) a 10µm thin Si membrane as a function
of the incident average laser power measured at IPHT and
LRI in c.w. and fs laser pulsed operation at 800 nm with and
without air flushing of the sample (cf. text)

FCA as the dominant effect controlling the above exper-
imental findings (cf. e.g. [1,4,6,8–21]). Afterwards possi-
ble contributions from e.g. coherent TPA and/or multi-
photon excitation will be discussed which, however, can
result in a saturation of the laser beam transmission only,
but not in its observed decrease with increasing incident
power (part B, fig. 2). Furthermore laser induced sample
heating will be considered as well to obtain a consistent
picture of the new results.

Laser induced FCA has been investigated in many
laboratories under very different conditions (cf. e.g. [1,8,
15,18–26]). It typically depends on the sample thickness
and irradiation details like the wavelength, c.w. or pulsed
laser operation, pulse repetition rate, temporal and spa-
tial pulse shapes. Furthermore, the detection method of
the transmitted light is of importance like e.g time or in-
dividual pulse resolved detection or pulse train averaged
records. As a result, different functionalities between the
incident and the transmitted laser light are observed and
in many cases prohibit their direct comparison as is eas-
ily verified if looking at the many different ways of data
presentation in the literature.

Looking at the related literature, such a transmis-
sion behavior, i.e. with a maximum in the transmitted

Fig. 3 Experimental transmission values Itr from Yamada
et al. [15] as a function of the incident laser pulse fluence
Φin (590 nm, 250 ns) with the value pair (Φin = 0, Itr = 0)
added. The fitting curves i to iv are explained in the text.

power (intensity, fluence) followed by a pronounced de-
crease, was implicitly reported by Yamada et al. [15] for
the irradiation of a 0.6µm thin Si layer on sapphire by
τp = 250 ns dye laser pulses at 590 nm: after transforma-
tion of their experimental transmission coefficients (Fig.
3 in [15]) to the transmitted intensity Itr (Fig. 3) a max-
imum of Itr = 3 a.u. is observed at the incidence fluence
Φin ≈ 0.35 J/cm2 and a steep decrease of Itr towards
higher incident fluences. For large Φin values a constant
transmission level of Itr ≈ 1.5 a.u. is observed (Fig. 3).

It is challenging to find suitable fitting curves for the
laser transmission data in part B of fig. 2 and in fig.
3 and to rationalize these findings. To begin with, it is
assumed that the effective absorption coefficient of the
sample αeff = α1 +αFCA is composed of α1, the linear,
small signal absorption coefficient of unperturbed Si, and
the FCA contribution αFCA. Usually the FCA coefficient
αFCA is set proportional to the absorption cross section
σeh and the density of eh pairs neh = ne = nh upon
photo generation: αFCA = neh · σeh (cf. e.g. [1, 18, 20]).
The eh pair distribution along the optical pathway in Si
is here assumed to be approximately homogeneous be-
cause charge carrier diffusion is relatively fast in Si [1]
and a stationary neh value builds up during the mea-
surement time. The measured transmitted laser power
then is in both cases, c.w. or pulsed laser operation,
related to the homogeneous stationary neh concentra-
tion and therefore a z-independent constant αFCA value.
Both depend, however, on I0 i.e. neh = neh (I0) and
αFCA = αFCA (I0), with I0 being the intensity directly
behind the entrance Si/SiO2 interface. In addition σeh
depends on neh [6,10], i. e. σeh = σeh (neh (I0)). As a re-
sult the relation between the intensities I (zm) directly
in front of the exit Si/SiO2 interface and a given I0 value
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follows the relation

I (I0, zm) = I0 · exp (−αeffzm) (1)

= I0 · exp (−α1zm) · exp (−nehσehzm) .

The geometric laser path length through the Si mem-
brane zm is given by zm = dSi/ cos γ. For fixed zm the
calculated and measured intensities at z = zm depend
on I0, neh and σeh while zm, α1 are constant values. The
neh value is dominated by the optical generation of free
carriers, their ambipolar diffusion within and out of the
probed volume, and eh pair recombination [1]. The in-
crease of σeh with neh is due to increasing carrier-carrier
scattering taking place at neh > 2 · 1017 cm−3 [6]. As a
first approach αFCA = nehσeh (neh) = κnI

n
0 is selected

with n = 1 or 2, implemented into eq. 1 and tested in
fig. 3 using the transformed data of Yamada et al. [15]
(cf. curves i and ii). Obviously curves i (for n = 1) and
ii (for n = 2) fail to reproduce the steep Itr increase, the
position of the Itr maximum and the steep Itr decrease
to the plateau of nearly constant Itr values for large Φin

values. This failure is reflected by the small correlation
coefficient below 0.5 for curves i and ii. It turns out nec-
essary and sufficient, however, to introduce into eq. 1 a
further parameter Ic (cf. eq. 2). For I0 ≥ Ic:

I(I0) = (I0 − Ic)F · exp (−EnI
n
0 ) + FIc

= I0F · exp (−EnI
n
0 )− IcF · exp (−EnI

n
0 ) + FIc

= I0F · exp (−EnI
n
0 ) + IcF · [1− exp (−EnI

n
0 )]

(2)

In eq. 2 the abbreviations F = exp (−α1zm) and En =
κnzm with n = 1 or 2 are used. For I0 < Ic this eq.
2 however gives the physically unreasonable result that
I (I0) > I0 exp (−α1zm), i.e. laser beam transmission
larger than that expected from one photon absorption.
As too little data is available in this small range to de-
termine the behavior accurately we define for I0 < Ic:

I (I0) = I0F = I0 · exp (−α1zm). (3)

The resultant fit curves iii (for n = 1) and iv (for n = 2)
nicely match the experimental findings as confirmed by
their large correlation coefficients of 0.91 and 0.99, re-
spectively. The preferred fit curve iv is based on the pa-
rameters F = 0.74 for α1 = 5000 cm−1 [27,28] and zm =
0.6µm [15], Ic = 0.14 J/cm2 together with the scaling
factors I0/Φin = 0.80 and I (I0, zm) /Itr ≈ 0.05 J/cm2

for the abscissa and ordinate scales in fig. 3, respectively.
The I0/Φin value describes the laser beam attenuation
(λ = 590 nm) by Fresnel reflection at the air/sapphire
and sapphire/silicon interfaces upon entering the Si sam-
ple [29]. The I (I0, zm) /Itr value implies that e.g. the
maximum Itr [a.u.] value corresponds to I (I0, zm) ≈ 0.15
J/cm2, i.e. the laser beam value before leaving the Si
sample through the Si/SiO2 and SiO2/air interfaces at
the rear side [29]. The obtained parameter Ic can be un-
derstood as a constant amount of incident laser energy

Fig. 4 The square root (∆I)0.5 of the difference ∆I(I0) =
I0(I0) − I(I0) ∼ P calc

tr (Pin) − Pmeas
tr (Pin) representing the

FCA contribution as a function of the incident laser power
Pin (cf. text).

per pulse which contributes to the linear absorption (α1)
but not to FCA. Such a behavior is expected if e.g. part
of the generated eh pairs are out of resonance with the
incident laser beam.

It appears attractive to compare the results by Ya-
mada et al. (Fig. 3) to the data obtained at IPHT and
LRI using Ti:sapphire lasers (λ = 800 nm) and 10µm
thick Si membranes (Fig. 2, part B). Common features
of both experimental series are their pronounced maxima
of the transmitted power (pulse energy fluence) upon in-
creasing the average incident power (fluence). The avail-
able and applied Ti:sapphire laser power seems to be
insufficient to achieve a constant transmitted power in
Fig. 2 B (plateau formation) in analogy to the finding in
Fig. 3.

It is instructive to plot the experimental data of fig.
2, part B in a different form by calculating the difference

∆I(I0) = I0(I0)− I(I0) (4)

with I0(I0) ≡ I0 · exp (−α1zm). ∆I(I0) describes the
FCA related deviation from pure 1-photon absorption
and is calculated by subtracting the measured transmit-
ted intensity Itr (I0) from the value I0 (I0) calculated
using α1 = 604 cm−1 [30] and zm = 10µm. Plotting√
∆I (I0) shows an approximately linear relation be-

tween
√
∆I (I0) and Pin ∼ I0 in the investigated power

range (Fig. 4). For all four data sets the trend line in-
tersects the abscissa at a value Pin > 0, indicating a
threshold for the development of ∆I (I0) ≥ 0 with the
Pin threshold being related to the Ic term in eq. 2. The
small values

√
∆I (I0) measured below the threshold Pin

value (Fig. 4) may be due to other contributing mecha-
nisms (cf. below) as zero values are expected when eq. 3
is considered for I0 < Ic. The threshold in this model (Ic
in eq. 2) represents a constant part of Pin contributing
to linear absorption only, but not to FCA (cf. above).
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The approximately linear plots
√
∆I (I0) vs. Pin in

Fig. 4 confirm that αFCA ∼ In0 with n = 2. Any other
value of n results in significant deviations from linear-
ity. The dependence of αFCA = nehσeh (neh) on I20 can
be rationalized by using the recent paper of Meitzner et
al. [6]: the dependence of σeh (called σFCA in [6]) on
the free carrier concentration neh is graphed in Fig. 4
of [6]. Redrawing this graph with linear abscissa scale
neh ≤ 3 · 1020 cm−3 reveals to a first approximation that
σeh ∼ neh or σeh = σ0neh with the proportionality con-
stant σ0 yielding αFCA = nehσeh (neh) = σ0n

2
eh. As-

suming furthermore neh ∼ Pin or I0, because eh pairs
are generated by linear 1-photon absorption, then neh =
κI0. This yields αFCA = σ0n

2
eh = σ0κ

2I20 = κ2I
2
0 as

observed in both our results and those of Yamada et
al. [15].

It is pointed out that the FCA contribution is based
on two sequential 1-photon absorption processes and es-
sentially different from coherent 2-photon absorption. In
FCA the first photon serves to generate an eh pair (in-
terband transition) which in the second step undergoes
an 1-photon intraband excitation within the conduction
band (electron) or the valence band (hole). The accumu-
lation of an equilibrium density of eh pairs during pulsed
or c.w. laser irradiation decouples the rate equations of
the first and the second steps in FCA. The absence (or
minor influence) of coherent 2- or multiphoton absorp-
tion is immediatedly evident from the very similar re-
sults obtained with c.w. and fs pulsed laser irradiation
(figs. 2 and 4).

The effect of laser induced sample heating can be
fairly high as e.g. in case of 0.5µm thin Si layers on
sapphire yielding ∆T ≤ 900 K [26] or very small for
Si wafers yielding ∆T ≤ 10 K [31]. In our intermedi-
ate case of 10µm thin Si wafers, the laser induced tem-
perature rise was observed by an IR camera to be ∆T ≈
10 K. Application of the known temperature dependence
α(T, 800 nm) of the Si small signal absorption coeffi-
cient [28, 32] shows that this temperature rise reduces
the laser beam transmission by about 1 % only (9 % in
case of ∆T = 100 K). Purging of the Si sample with
ambient air increased the c.w. laser beam transmission
by about 15 % or less (fig. 2). The relation between the
FCA contribution ∆I(I0) and the incident laser power
Pin (slope d∆I(I0)0.5/dPin), on the other hand, remains
unaffected (fig. 4).

The correlation between the fit parameters in Fig. 2
B and the measurement values is established by the use
of α1 = 604 cm−1, zm = 10µm, and I0 = 0.845 · Pin

(Fresnel reflection at the air/SiO2 and Si/SiO2 inter-
faces [29]). Values of 0.15 W ≤ Ic ≤ 0.2 W are found for
the c.w. and 0.24 W ≤ Ic ≤ 0.24 W for the fs laser experi-
ments in agreement with the plots in Fig. 4. Equation (2)
and the above relation αFCA = σ0n

2
eh = κ2I

2
0 are used to

estimate the stationary concentration of free charge car-
riers by neh = I0 ·

√
E2/ (σ0zm). The unknown value σ0

is derived from ref. [20], for λ = 800 nm (IPHT & LRI)

and λ = 590 nm (Yamada et al. [15]) in different ways.
For λ = 800 nm the value σeh = σ0neh ≈ 1017 cm2 with
neh = 1.4 ·1018 cm−3 is derived from Figs. 2(c), 3(a) and
3(b) of ref. [20]. This value σeh is roughly estimated to
lie between the σeh values of nanocrystalline and bulk
Si and leads to σ0 (800 nm) ≈ 5 · 10−36 cm5 resulting
in 1.7 · 1018 cm−3 ≤ neh (I0 = 0.1 W) ≤ 2.1 · 1018 cm−3

and 1.5 ·1019 cm−3 ≤ neh (I0 = 0.9 W) ≤ 2.0 ·1019 cm−3.
These values are placed well below the Si damage thresh-
old.

The value σ0 (λ = 590 nm) ≈ 1.2 · 10−39 cm5, on the
other hand, is extrapolated using the relation σFCA(λ) =
(5 ± 2) · 10−9λ2.0±0.3 cm2 [20] (σFCA(λ) corresponds to
σeh(λ) in this paper). Using this value σ0 = (λ = 590 nm),
eh pair concentrations 7·1020 cm−3 ≤ neh ≤ 2·1022 cm−3

at I0 = 0.1 Jcm−2 and 2.5 Jcm−2 is in agreement with
the reported laser damage of the sample.

To conclude, the applied approximations and fit pro-
cedures appear applicable. The fit curves in Fig. 2, part
B and Fig. 3 were obtained using eq. 2 and n = 2. In case
of the LRI data a small abscissa scale offset of 0.025 W
turned out helpful. Overall the obtained results can be
fitted and rationalized within a simple model of FCA.
This finding is encouraging particularly as both laser
wavelengths might generate a complex situation: FCA
at these wavelength can compete with the indirect opti-
cal transition of Si, i. e. the generation of eh pairs. The
empirically found power law (or pulse energy fluence)
can be rationalized by a linear dependence of the eh pair
absorption cross section σeh = σ0neh on the density of
eh pairs in the investigated neh region and by assuming
a linear relation between the incident laser power and
the stationary concentration neh of free carriers. Thus a
simple and consistent picture has been established. We
expect an I(I0) plateau – like that in Fig. 3 – correspond-
ing to (40 ± 10)% of the maximum I(I0) values in part
B of Fig. 2 in the so far experimentally non-accessible
region Pin > 1 W.

4 Summary and Conclusion

Summarizing, the above results appear to pave the way
for further well designed experimental and theoretical in-
vestigations of the complex interactions between Ti:sapphire
lasers and thin crystalline silicon samples. This combi-
nation of a technologically relevant and flexible laser
system and a prominent semiconductor appears very
promising in particular for sample thicknesses zm ≈ labs(λL)
lying in the range of the relevant absorption length labs(λL).

The absorption of Ti:sapphire laser light by slightly
p-doped silicon was investigated under c.w. and fs pulsed
laser operation using a 10µm thin membrane. The aver-
age laser power incident onto the sample was increased
up to about 1 W. This variation revealed a strong non-
linear power (intensity) dependence of the beam trans-
mission through the sample whereas laser beam reflec-
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tion remained a linear function. The nonlinearity ob-
served with the laser beam transmission is essentially the
same for c.w. and pulsed laser irradiation and mainly
attributed to free carrier absorption (FCA) in silicon.
Laser induced sample heating and coherent two- and/or
multi-photon absorption were shown to be of minor im-
portance only.

Similar results previously obtained by using a pulsed
dye laser at 590 nm irradiating a 0.6µm thick Si layer on
sapphire [15] show a pronounced maximum followed by a
lower constant transmission for further increasing input
intensity (Fig. 3). This complex transmission behavior
could nicely be fitted by a simple FCA model.

The FCA model has been applied to the only laser
transmission measurements, which to our knowledge dis-
play the pronounced maximum in the transmitted laser
power (energy fluence) as a function of the laser input
power (energy fluence). This maximum is possibly due
to the fact that both excitation wavelengths are in reso-
nance with the indirect optical transition of Si. Most of
the published FCA articles on Si refer to longer wave-
lengths.

The applied FCA model is based on several assump-
tions:

– constant Fresnel reflection factors for the laser beams
at the Si membrane interfaces (e.g. no intensity de-
pendence),

– a laterally and axially homogeneous distribution of
eh pairs in the laser irradiated and probed volume
(e.g. independent on the local laser beam intensity),
thus decoupling the two absorption processes of this
FCA model,

– two optically linear absorption processes, i.e. for eh
pair generation and their excitation with negligible
coherent 2- or multi-photon absorption,

– an effective absorption coefficient αeff = α1 +αFCA

(e.g. independent on the Si sample temperature),
– a constant linear absorption coefficient α1 (Beer’s

law),
– an empirical ansatz for the absorption coefficient αFCA =
nehσeh for FCA with e.g. σeh being independent on
the eh pair temperature (cf. e.g. [3]), but dependent
on the eh pair density (cf. e.g. [10]), and

– negligible FCA in the 0 ≤ I0 ≤ Ic region with Ic
being a critical minimum value up to which laser ex-
citation possibly does generate eh pairs but no FCA.

As a result, fitting the experimental data withe the above
FCA model revealed a power law n ≈ 2 of αFCA =
κn · In, which is confirmed by the linear plots in Fig. 4.
A physical interpretation of n ≈ 2 is given by assum-
ing that the stationary density eeh of free charge carri-
ers is proportional to the incident laser intensity I0 and
that the absorption cross section σeh = σ0neh is propor-
tional to neh [6] yielding the FCA absorption coefficient
αFCA = κ2I

2
0 . However, there is a need for further ex-

perimental data to test the FCA model in more detail.
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