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Ultrafast intense photoexcitation of a silicon surface is complementarily studied experimentally and theoretically,
with its prompt optical dielectric function obtained by means of time-resolved optical reflection microscopy and
the underlying electron—hole plasma dynamics modeled numerically, using a quantum kinetic approach. The
corresponding transient surface plasmon—polariton (SPP) dispersion curves of the photo-excited material were
simulated as a function of the electron—hole plasma density, using the derived optical dielectric function model,
and directly mapped at several laser photon energies, measuring spatial periods of the corresponding SPP-
mediated surface relief nanogratings. The unusual spectral dynamics of the surface plasmon resonance, initially
increasing with the increase in the electron—hole plasma density but damped at high interband absorption
losses induced by the high-density electron—hole plasma through instantaneous bandgap renormalization, was

envisioned through the multi-color mapping.
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1. INTRODUCTION

Semiconductors are prospective “virtual” materials
for active plasmonics, requiring intense ultrafast (fem-
tosecond, fs) photo-injection of different carrier densi-
ties — from rare gas of separate electron—hole pairs
to their dense “plasma fluid” (electron—hole plasma,
EHP) — to demonstrate their broad (far-IR-UV) spec-
tral tunability for promising plasmonic, optical switch-
ing, THz-related, and other applications [1-4]. Al-
though the dielectric function spectra for unexcited
semiconductors are of common knowledge [5], the ad-
vanced use of photo-excited semiconductors in plas-
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monics undermines a profound knowledge of their
broad-range dielectric function spectra for a range of
photo-injected EHP densities po, ~ 10'%-10%2 cm 3.
While experimental time-resolved acquisition of tran-
sient optical constants of photo-excited semiconductors
is rather trivial at low EHP densities (per, < 10%! em™2)
[6,7], it becomes a challenging task at higher pep,
since a strong modulation of their dielectric function
£ = g1 +ies is expected for pep, > 10! em™3, when both
photo-induced intraband and interband electronic tran-
sitions are additionally affected by a significant prompt
electronic bandgap renormalization [8-15].

Experimental studies of transient optical-range di-
electric functions (ODF) of strongly photo-excited
semiconductors are rather scarce [11-23] (see the his-
torical overview of early works in Ref. [23]), represen-
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ting transient ODFs, if any, just at a few visible probe
wavelengths (400-800 nm) as a function of the laser
fluence F' or intensity I, not pen. In the first time-
resolved study [16], the photo-generated EHP density
pen, ~ 102" cm ™3 on a bulk Si surface was evaluated
from its transient reflectivity changes at the 625 nm fs-
laser wavelength, using a simple Drude model. Later,
similar research was performed in Ref. [17] under strong
625 nm fs-laser excitation conditions, yielding the EHP
with pen ~ 1022 em ™ estimated according to a simi-
lar Drude model. An accurate study was undertaken
by Downer et al. [18], by looking at the time-resolved
transmission of 625 nm fs-laser pulses through a sub-
micron silicon-on-insulator film to envision the basic
two-photon absorbance at moderate fs-laser intensi-
ties (less than 0.3 TW/cm?) and an unidentified dras-
tic rise of a much stronger absorption (approximately
10° em™1!) at slightly higher intensities. A similar
large transient ODF modulation was observed in Si,
GeSb, and GaAs [11], related to the prompt electronic
bandgap renormalization. In this regard, a linear re-
lation between electronic bandgap shrinkage and the
EHP density was experimentally demonstrated later
in Te Ref. [13]. Then, another detailed time-resolved
optical reflection microscopy research on bulk Si used
the analysis of experimental reflectivity dependences
on laser fluence, accompanied by a comprehensive
modeling of its dielectric function at minor bandgap
shrinkage and the absent EHP screening, to demon-
strate a two-photon EHP generation mechanism up to
pen ~ 1022 em ™3 [19], although without any expected
Auger recombination as a ionization limiting mecha-
nism [15,16,24]. With the key Auger recombination
process ignored in the analysis, time-resolved reflection
studies on silicon have resulted in high EHP densities
approaching 10?3 em=3 [20]. Finally, in Ref. [22], the
authors reported ultrahigh p.; ~ 10*2-10** em™* and
absolute ODF amplitudes up to 200 at the 1240 nm
pump/probe wavelengths in the fluence range between
melting and ablation thresholds of silicon, invoking ad-
ditional non-Fresnel optical analysis of EHP surface
gradients. Overall, the previous basic experimental
studies of dense EHP photo-generation p.p versus the
laser fluence F' or laser intensity I, in each case missing
some important physical effects in their analysis, pro-
vide not only a rather contradictory physical picture of
the photogeneration and EHP relaxation dynamics in
semiconductors [11-23] but also rather unreliable out-
put per, magnitudes (5 - 1021-102% cm~3) even for quite
similar photo-excitation conditions.

Moreover, the present different theoretical descrip-
tions of such ultrafast photogeneration and relaxation

dynamics of dense EHP are also not satisfactory. Typ-
ically, a nonlinear partial differential equation is used,
where the rates of carrier generation, carrier diffu-
sion, and Auger recombination are considered with
the last term not dynamically depending on p.;, and
the bandgap renormalization effect not taken into ac-
count for pep ~ 1022 em ™3 [19,20]. Alternatively, en-
ergy balance equations for the electron and lattice sys-
tems are used [20,25,26]. Another approach is a two-
temperature model (TTM) description based on a semi-
classical Boltzmann equation [27], upgraded later to an
improved TTM model coupled with a rate equation for
one- and two-photon carrier generation, diffusion, and
Auger recombination, but again disregarding the dy-
namical EHP effects on the Auger recombination rate
and band-gap renormalization [28, 29]. Later, the same
model was coupled with molecular dynamics to de-
scribe carrier-lattice heat exchange [30]. Finally, more
accurate nonequilibrium theoretical descriptions, based
on the Boltzmann equation or kinetic Monte Carlo sim-
ulations, were also recently applied for the modeling of
ultrafast EHP photo-excitation and relaxation dynam-
ics in semiconductors [31-34], still ignoring the essential
dynamical interplay between EHP photogeneration and
instantaneous changes of optical and electronic proper-
ties of such strongly photo-excited materials.

The main reasons of these uncertainties and con-
troversies are related, in our opinion, to improperly
accounting for various basic electronic processes in a
dense EHP driven by intense ultrashort laser pulses
during its ultrafast photoexcitation and relaxation in
semiconductors and dielectrics. The whole set of these
processes in a dense EHP (pe, > 10?* ¢cm™?) includes
(but is not limited by) band-filling [11,14,18,19],
EHP screening of multi-particle interactions (e.g.,
Auger recombination [24]), static ion—core potentials
[8-10], inter-valley electron—phonon scattering [22],
and intense ultrafast excitation of coherent optical
phonons [13], prompt electronic and delayed phonon-
mediated band spectrum renormalization [8-15,19], as
well as the consequent increase in kinetic rates for linear
and nonlinear photo-ionization cross sections [14,35],
impact and tunnel ionization rates [14], Auger recom-
bination [14], electron emission, and surface charg-
ing [15]. Some of the mentioned phenomena were
not, even explicitly revealed in the previous experi-
ments, and that is why their relative contributions are
not yet evaluated. But in the highly nonlinear EHP
dynamics, any underestimation or overestimation for
some of these counterbalancing effects results in a dis-
torted physical picture and large resulting errors in
the basic parameters, the EHP density and tempera-
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ture, intraband absorption, and deposited energy den-
sity. Specifically, the important factor of prompt elec-
tronic bandgap renormalization [8-15] was often dis-
regarded in the preceding theoretical models aimed
to fit the transient optical reflectivity of such mate-
rials [16-23], yielding unbalanced reflectivity analysis
algorithms and, hence, overestimated common Drude
contributions to the dielectric function [17,19,21,22].
As a result, strong ultrafast photo-excitation of semi-
conductor surfaces, as a primary step of many fs-laser
ablative nano- and micro-machining technologies, re-
mains not well understood and predictable.

In particular, an expected prospective regime of
fs-laser surface nanostructuring of strongly photo-
excited semiconductors, invoking their surface plasmon
resonance (SPR, strongly dissipative mode) through
prompt constructive interference of the transverse elec-
tric field of an incident laser wave with the longitu-
dinal electric field of a laser excited short-wavelength
surface plasmon wave to produce nanoscale surface re-
lief gratings has been neither predicted, nor yet real-
ized. By contrast, presumably multi-shot fs-laser sub-
micrometer-scale structuring of their surfaces, medi-
ated by near-wavelength polaritonic-like surface waves
(long-propagation modes), was commonly revealed at
very different photoexcitation conditions [36—41]. Fur-
thermore, the related extensive theoretical modeling of
transient, ODF and corresponding prompt SPP disper-
sion curves [38, 39] was limited by rather trivial regimes
of moderate photo-excitation (|e1| > e2) [42], thereby
ignoring the important SPR region with |e;| ~ 5 [43].
Only recently, one comprehensive model was proposed
for accurate experimental acquisition of ODF and EHP
densities in photo-excited insulators [14, 15], which ac-
counts for basic features of dense EHP and its dy-
namics, involving optical carrier mass dispersion and
renormalization, band-filling effects, isotropic bandgap
renormalization, and screening effects. This makes it a
versatile tool for pioneering, enlightening full-scale sim-
ulations of surface plasmon—polariton dispersion curves
of strongly photo-excited semiconductors over a broad
IR-UYV spectral range.

In this paper, we report high-fluence ultrafast laser
photo-excitation of a silicon surface to probe multi-
photon photo-generation and recombination of the
electron—hole plasma, as well as prompt electronic
bandgap renormalization. These processes were nu-
merically modeled using a quantum kinetic approach,
based on a solution of a kinetic Boltzmann equation.
The derived model dielectric function of photo-excited
silicon was used to simulate its surface plasmon—
polariton dispersion curves from near-IR to UV, which

were experimentally mapped at different photoexcita-
tion conditions by measuring spatial periods of surface
plasmon—polariton-mediated surface relief gratings.

2. EXPERIMENTAL SETUP AND
TECHNIQUES

2.1. Time-resolved optical reflection
microscopy

In the experiments, we used a commercial 0.45 mm
thick, atomically flat undoped silicon Si(100) wafer
with a few-nanometer-thick native oxide layer, ar-
ranged on a three-dimensional motorized translation
micro-stage under PC control and raster-moved from
laser shot to shot to expose its fresh surface spots
(Fig. 1). Its single-shot laser irradiation (one laser pulse
per surface spot) at a repetition rate of 10 Hz was pro-
vided by single IR (800 nm) Ti:sapphire laser pulses in
the TEMyp mode with the FWHM (full-width at half-
maximum) duration Tpymp & 100 fs and pulse energies
up to 1.5 mJ, using a triggered electro-mechanical shut-

DL
ps SHG/THG

Ti:sapphire
laser

Fig.1. Experimental setup: BS — beam splitter,
AC — autocorrelator, QPW+GPP — energy attenua-
ting set of a half-wave plate and a Glan-prism polarizer,
EM1,2 — thermocouple energy meters, M — mirror,
L — focusing silica lenses, HG — second and third
harmonics generator, DL — optical probe delay line,
CCD — charge-coupled device camera, BD — beam
dump, DO — digital oscilloscope, 3D-MS — three-
dimensional motorized micro-stage, PC — laptop for
data acquisition and hardware control. Insets: images
(500 pzm x 300 pm) of a single-shot fs-laser excited Si
surface spot at ' = 1.4 J/cm? for At = —0.1 (a),
0(b), +0.1 (¢), +0.2 ps (d) with the dashed line sho-
wing their centered spatial cross sections used for the
fluence conversion
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ter. The pump pulse energy was reduced in these ex-
periments using a combination of a half-wave plate and
a Glan-prism polarizer, to the minimum level slightly
above 0.2 mJ to avoid the laser beam degradation
due to its self-focusing in air and air plasma scatter-
ing/refraction (the critical power at the wavelength of
about 3 GW [44], i.e., approximately 0.3 mJ for the
100 fs laser pulses).

The fs-laser pump pulses were focused in p-
polarization at the angle of 45° by a silica lens (focal
distance f = 500 mm) into a small focal spot (with the
Gaussian main ellipse 1/e-radii (}; ., ~ 0.10 mm and
1/e,y = 0.05 mm) on the surface of the Si sample,
arranged in front of a smaller aperture of a probe-line
microscope objective (NA = 0.37) (Fig. 1). The time-
resolved optical reflection microscopy arrangement
described elsewhere [12,14,15,19,20] used a strong
small pump beam at 800 nm and a temporally delayed
(in this work, At = —0.1-+0.2 ps with the accuracy
of 0.05 ps), fifty times weaker large frequency-doubled
probe beam at 400 nm (FWHM 7,00 & 100 fs),
provided by second harmonic generation in a 1.5 mm
thick BBO crystal in a harmonics generator. Zero-ti-
me delay At = 0 was assigned to the instant when
the pump and probe pulse peaks coincide exactly
in the sample plane. The initial sample reflectivity
Rp = 0.49 + 0.01 was calibrated using an aluminum
mirror (the normal-incidence reflection at 400 nm is
about 0.92), in agreement with its tabulated value
of approximately 0.488 [5]. The incident fluence
calibration, providing the peak surface fluence F up
to 1.5 J/cm? as a function of the incident energy
and the abovementioned Gaussian beam parameters,
was performed by means of an optical microscope to
measure the main radii of the resulting ablative surface
craters.

2.2. Surface nanostructuring

Multi-shot surface structuring of the silicon wafer
was performed in ambient air by 744 nm, 100 fs
Ti:sapphire or 515/1030 nm, 200/300 fs Yb:fiber laser
(Satsuma, Amplitude Systemes) pulses focused by a
35 mm spherical silica lens at the normal incidence onto
its surface. The wafer was arranged onto the three-
dimensional motorized translation micro-stage and ir-
radiated at different incident peak fs-laser fluences F'
and exposure pulse numbers N, through its raster-
scanning in a number of lines. Surface topography of
the resulting structured spots was characterized by a
field-enhanced scanning electron microscope (FE SEM,
JEOL 7001F) with a magnification up to 500000 in the
relief SEM mode.

3. MODELING

As mentioned in the Introduction, transient photo-
excitation and nonequilibrium relaxation dynamics of
electron-hole plasma (EHP) can be adequately de-
scribed by a microscopic model that treats the evo-
lution of the carrier distribution function explicitly. In
this paper, such a description is proposed using a quan-
tum kinetic approach presented below.

The quantum kinetic formalism was previously de-
veloped in Ref. [45], and later was refined in the suc-
ceeding work [14] to describe microscopic processes oc-
curring during the ultrashort laser pulse interaction
with a GaAs surface. Its relevant terms and corre-
sponding parameters used in our calculations for Si are
briefly described below.

Compared to direct-gap GaAs, the indirect-band-
gap Si semiconductor has a many-valley conduction
band with elliptical energy surfaces and a degenerate
valence band with heavy and light holes, and a reduced
two-band model with spherical energy surfaces is used
following Ref. [46]. Photo-ionization (PI), impact ion-
ization (IT), and Auger recombination (AR) dynamics
in the photo-excited GaAs were modeled using the set
of equations described elsewhere [14]. In this paper,
two-photon absorption across the band gap is given by
the expression [47, 48]

2
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Phonon-assisted Auger recombination was described
following Refs. [49, 50].

In these numerical calculations the following param-
eters were chosen: the variable laser intensity (fluence)
I, = 0.1-10 TW/cm? (0.01-1 J/cm?) for the pulse
duration (FWHM) 7, = 100 fs, the initial bandgap en-
ergies (without the BGR effect) at the lattice tempera-
ture T = 300 K: Eg o =~ 1.12 eV (indirect bandgap) and
Ego =~ 3.4 ¢V (direct bandgap), the spin-orbit split-
ting of the Si bulk semiconductor Ay = 0.6 €V, the car-
rier (electron and hole) effective masses m* = 0.26myg
and mjy = 0.31mg, where myg is the free electron mass,
the relative high-frequency (optical) and low-frequency
(static) dielectric constants e(o0) = 13.5 and £(0) ~ 12,
and the optical phonon energy hAwro = 63 meV. The
charge neutrality condition p. = p; was also assumed.
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Fig.2. Experimental probe reflectivity dependences R(F') (light circles, left/right and bottom axes) at different delay times

At = —0.1 ps (a), 0 ps (b), +0.1 ps (¢), +0.2 ps (d).

In figure (d), the dotted, dashed, dash-dotted, and continuous

curves R(pen) (left/right and top axes) respectively represent 1) the pure Drude model, 2) the Drude model with EHP

screening, 3) the Drude model with screening and bandgap renormalization (BGR), and 4) the Drude model combined with

EHP screening, BGR and band filling. The magnitudes Ro, Rmin, and Rmqx correspond to the initial Si reflectivity (dashed

lines in a—c), the minimum and maximum reflectivity of the photo-excited material. Inset: reflectivity spectrum of unexcited

silicon with the arrow showing the BGR-driven transition between the unexcited state (the initial point at 3.1 €V) and the
final excited state at 4.3 eV, corresponding to Ryq. (from Ref. [5])

The prompt electronic renormalization of the di-
rect gap in silicon (approximately 3.4 e€V) in the vici-
nity of the I' and L points was modeled similarly to
GaAs [10] and in agreement with previous calculations
of the electronic renormalization in silicon [9] under
the assumption that the total valence electron density
in the tetravalent material is about 2 - 10%® cm ™2 [51].

4. RESULTS

4.1. Transient Si reflectivity

The silicon surface images captured using the time-
resolved optical reflection microscopy setup in Fig. 1
at different instants during the 800 nm pump pulse
demonstrate a number of typical prominent temporally
and spatially resolved probe reflectivity features [11-22]

on the photo-excited Si surface for such short delay
times (Fig. 1, insets a—d). Here, the photo-excited spot
temporally extending from a semi-elliptical to a com-
plete elliptical one appears at shorter delay times from
the right to the left in the central fs-laser pumped re-
gion because of the oblique (45°) incidence of the fs-la-
ser pump pulse from the right size, as shown by the
thick dark arrow, approaching the surface first by its
right edge.

Also, with the complex refractive index of Si at
800 and 400 nm being n(800 nm) = 3.70 + 0.007; and
n(400 nm) = 5.57 4+ 0.387i [5], the probe penetration
depth 6(400 nm) is much smaller than the pumping
depth §(800 nm), ensuring the probing of the nearly
homogeneously excited, Fresnel-like region near the Si
surface.
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Fig.3. Transients R(At) for F = 0.25 (circles), 0.45

(squares), 1.4 J/cm? (triangles) with the shadowed

area showing the reference probe pulse full width. Zero-

time delay At = 0 ps was established as the instant

when the pump and probe pulse peaks coincide exactly
in the sample plane

Qualitatively, at small delay times, the revealed
transient reflectivity features were as follows: 1) an
initial ultrafast dip of the probe reflectivity transients
below the initial value Ry =~ 0.49 (Fig. 1a) to the min-
imum level Ry, = 0.461 £ 0.005, 2) a subsequent
monotonous increase of R (Fig. 1b) until its satura-
tion starting at R,,,, ~ 0.67 and extending to 0.68
(Fig. 1e,d).

In detail, these probe reflectity features appear
more clearly on the fluence dependences R(F') in Fig. 2,
exhibiting the following features at these few time slices
with the 0.1 ps intervals: a) a small initial positive in-
crease of R to 0.53 for F > 0.8 J/cm? (At = —0.1 ps),
b) a small decrease to 0.485 for F' > 0.23 J/em? and
then a much higher increase to 0.61 for F' > 0.45 J/cm?
(At = 0), c) a large dip to Ry, for F > 0.16 J/cm?
with the subsequent rapid increase to Ryq. for F >
> 0.4 J/em? (At = 0.1 ps) and, finally, d) a similar
initial dip to R,,i, for F' > 0.13 J/cm? with the subse-
quent step to saturation at Ryq. for F > 0.45 J/cm?
(At = 0.2 ps).

The temporal dynamics of these features is pre-
sented in Fig. 3 for three (low, medium, and high) flu-
ence values, indicating different dynamics of the EHP-
driven optical changes on the photo-excited Si surface.
In particular, at F &~ 1.4 J/cm?, the probe reflectiv-
ity saturates at the level R4, at At = +0.1 ps, while
at F' ~ 0.25 J/cm2, the reflectivity minimum R,,;, is

achieved later, at At = 0.2 ps. In the intermediate
case (F =~ 0.45 J/cm?), the reflectivity passes the min-
imum at At = 0 and then almost approaches Ry,q, at
At = 0.2 ps. Accounting for the finite probe pulsewidth
of approximately 0.1 ps (FWHM), we can conclude
from these dynamics that the EHP density and the
resulting EHP-driven optical changes on the Si surface
at At = 0 saturate at high fluences F < 1.4 J/cm? (ar-
bitrarily, in the plateau region at Ry, ~ 0.64-0.68),
while at lower fluences such variation of the EHP-driven
optical changes, as well as the monotonous increase in
the EHP density, continues until the end of the pump
pulse (At = 0.1 ps) (see Sec. 5.1 for a discussion of
the EHP dynamics). The presented pump/probe de-
lay time assignment is quantitatively consistent with
the consequent appearance of the different pump beam
edges at the different instants along the horizontal line
in Fig. 1 (e. g., there is almost no any reflectivity change
in the pump beam center At = —0.1 ps, when the
probe pulse comes 0.1 ps ahead of the pump pulse).
Meanwhile, to account for the pump/probe pulsewidth
convolution effect on the acquisition of EHP dynam-
ics on the photo-excited silicon within the pump pulse
at the key instants At = 0 (the pump peak intensity)
and +0.1 ps (the end of the pump pulse) in our fitting
analysis, the reflectivity dependence R(F) was chosen
in Fig. 2 at At = 0.2 ps (the “effective” At = 0.1 ps).

4.2. Surface nanostructuring

Multi-shot (N ~ 3-10% pulses) fs-laser dry nanos-
tructuring of an atomically smooth Si(100) commercial
wafer surface by the linearly polarized 744 nm fs-laser
pulses resulted in one-dimensional surface gratings with
their ridges perpendicular to the laser polarization vec-
tor (the “normal” gratings [23,52]) and the periods
A744, varying depending on N and F'. The observed cu-
mulative dependence A(N) is well known [53-55], with
the corresponding ripple periods A decreasing by 30 %
for larger N due to the resulting increase in the rip-
ple depth [55]. By contrast, the fluence dependence is
more related to photo-excitation conditions, exhibiting
A744 min(N =~ 100) = 0.42 + 0.01 um at the local flu-
ence F ~ 0.15 J/cm? (Fig. 4a), i.e., just slightly above
the nanostructuring threshold Fryy ~ 0.13 J/cm2,
while at higher fluences F' > 0.2 J/cm?, more coarse
(near-wavelength) normal gratings with the period
A744,mae (N &~ 100) = 0.65 £ 0.05 pum were observed
(Fig. 4c). This rising trend for A744 as F' increases is
in agreement with the previous experimental observa-
tions [54, 56].

Likewise, multi-shot surface ripples were gener-
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Fig.4. SEM images of ripples generated on the silicon

surface by 744 nm (1.68 eV) fs-laser pulses at N = 100

and different fluences F [J/cm®]: ¢ — 0.15, b — 0.2,

¢ — 0.3, and d — 0.4. The bilateral arrows show the
laser polarization

ated on a silicon surface at other laser wavelength
of 1030 and 515 nm (Fig. 5). Compared to 744 nm
fs-laser pulses, the only near-wavelength ripples with
As15 &~ 0.50 £ 0.04 pm (N = 3) were produced at the
515 nm wavelength above the nanostructuring thresh-
old Fyi5(N = 3) ~ 0.3 J/em? (Fig. 5a). By con-
trast, at the 1030 nm wavelength, a whole spectrum
of ripple periods Ajg30 was observed (Fig. 5b-d), de-
pending not only on N (in the range 0.7-1 pm, i.e.,
within the abovementioned 30 % cumulative decrease),
but also (almost twice) on the laser fluence, exhibiting
the lower-fluence finer ripples at the very nanostructur-
ing threshold Fig3o(N = 30-300) ~ 0.5 J/cm? (Fig. 5d;
see the finer ripples slightly above the threshold fluence
at the laser spot periphery and more coarse ripples at
higher F closer to the central crater).

5. DISCUSSION

The experimental time-resolved reflection data and
the SEM images of the fs-laser generated surface ripples
provide some enlightening insights into the electronic
dynamics, transient optics, and plasmonics of such fs-
laser photo-excited Si surfaces.

5.1. Ultrafast optical and electronic dynamics
on a photo-excited Si surface

The observed complex time- and fluence-dependent
reflectivity dynamics can be understood taking into ac-

count that such a bipolar reflectivity modulation is re-
lated to the transient EHP density variation, through
its basic intraband and interband contributions to the
ODF [11-22]. Specifically, the observed reflectivity
dip can be related to an optically driven “insulator—
conductor” transition in semiconductors, when the bulk
EHP frequency passes through the probing frequency,
with a subsequent reflectivity increase for stronger
ionized materials through their intraband electronic
transitions [16-22]. Additionally, for silicon [12,15]
and other materials [11,13,14], the same reflectivity
trends can be related to a strong prompt EHP-driven
isotropic renormalization of their direct bandgap by
0Eq.e = Eqo — Ef, resulting in a drastic enhance-
ment of the interband transitions. Such basic consider-
ation of the EHP dynamics envisions the demonstrated
probe reflectivity changes and enables the assignment
of absolute At values (see the details below).

During the fs-laser photoexcitation of a silicon sur-
face, its transient ODF &* can be written as a function
of pen as a sum of interband- and intraband-transition
based terms [14,15,19]

oo e (1-2)

Pbf
%271 (Pen)

W 1/7e(pen)? (1 - w%fﬂm)) -

where the prompt p.p-dependent bandgap shrinkage ef-
fect on the interband transitions is accounted by the
spectral ODF dependence with the effective photon fre-
quency w* = w[l+Open/psgr]. Here, the characteristic
renormalization EHP density is ppgr &~ 1-10%* cm ™3
[15], typically about 5% of the total valence electron
density (approximately 2 - 1023 em~2 in Si) to provide
the ultimate 50 % electronic direct bandgap renormal-
ization [10], i.e., © &~ 1.7 eV of the effective mini-
mal gap of about 3.4 €V in silicon [5,51], while py; is
the characteristic band capacity of the specific photo-
excited regions of the first Brillouine zone in the k-spa-
ce (e.g., pps(L) ~ 4-10*" em™3 for L-valleys and
pos(X) = 4.5-10*% ecm™? for X-valleys in Si), af-
fecting interband transitions via the band-filling effect
[11,14,15,18,19]. The bulk EHP frequency wy; is de-
fined as

_ Pen€’
£0€ns (Pen) Myt (Pen)’

wpr(Pen) (4)
where the effective optical (e~h pair) mass m}, ~ 0.14
[15,17,19,20,51] is a pen-dependent quantity, vary-
ing with the transient band filling due to band dis-
persion and with the bandgap renormalization [57].
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Fig.5. SEM images of peripheral ripples around ablative craters on the silicon surface generated by 515 nm (a — 2.5 €V,

F =0.45 J/cm?, N = 3) and 1030 nm (b-d — 1.25 &V, F =1 J/cm®, N = 30, 100, 300) fs-laser pulses, with the squares

showing the 2D fast fourier transform spectra of the corresponding surface spots in the light frames. The bilateral arrows
show the laser polarization, while the unilateral ones indicate the surface ripples

The high-frequency electronic dielectric constant ej¢
was modeled in the form epr(per) = 1 4 epy(0) X
X exp(—pen/pser)s where the screening density pse, &
~ 1-10%" em™® was chosen to ensure that e, — 1
in a dense EHP. The electronic damping time 7, in a
dense EHP at the probe frequency wy,, was taken, sim-
ilarly to metals, in the random phase approximation
to be proportional to the inverse bulk EHP frequency
wy" [58]:

128E% 1+ exp(—hwpr/ksTe)
By RBTE + (o)

(5)

Te =

where Fr ~ 1-2 eV is the effective Fermi-level quasi-
energy for electrons and holes at pep, < 1-10%? cm™3,
h and kg are the reduced Planck and Boltzmann con-
stants, and T, is the unified EHP temperature, which
is a weak function of pp [24]. In this paper, the last
relation was evaluated for hwp,, > kpT, in the form
Te(pen) = 3 - 10%/ (wpi(pen)(hwpr)?), accounting for
multiple carrier scattering paths for three top valence
subbands, and multiple L- and X-valleys in the lowest
conduction band.

The pep-dependent normal-incidence probe reflec-
tivity R(pen) calculated using a common Fresnel for-
mula and accounting for all basic effects (bandgap
renormalization, band filling, and the EHP screening
of the ion core potential [11, 14, 15]) fits well the exper-
imental reflectivity dependences R(F) at At = +0.2 ps
(“effective” At = 40.1 ps) in Fig. 2d, demonstrating
the characteristic initial dip and the subsequent rise.
By contrast, the separate intraband-transition (Drude)
term presents a monotonically decreasing trend, which
reproduces well the experimental curve near the dip (if
the EHP screening effect is taken into account), but
fails to provide the subsequent reflectivity rise in the
given range of p.;, magnitudes. Likewise, the pure
interband-transition term, varying presumably in the
form of “red spectral shifting” due to the prompt elec-
tronic bandgap renormalization, provides unsatisfac-
tory fitting of the dip, if the related band filling effect
is not accounted for at lower pe,. For example, the
intermediate reflectivity maximum in Fig. 2d appears
at per, ~ 1-10%" em™ ~ pyr(L) on the correspond-
ing model curve, resulting from the probing of the red-
shifted L-valleys of the Ej-band (cf. the reflectivity
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F, J/cm?
0.1 0.25 0.4

qu 10** cm™3
Fig.6. Dependences of real (¢1, continuous curve) and
imaginary (¢2, dashed curve) ODF components on pep,
and F at the 400 nm probe wavelength, showing their
red spectral shifts across the E; and E> bands due to
the electronic bandgap shrinkage on a photo-excited Si
surface. Inset: spectra of &1 and ¢> for unexcited Si
are given for comparison, with the probe photon energy
shown by the vertical dotted line

spectrum R(Aw) of silicon in the inset in Fig. 2a), if
the band-filling effect is neglected. Also, in the dip
region, the pure interband-transition term itself yields
a very minor reflectivity depression to 0.485 (see the
R(hw) curve), while the major depression comes from
the Drude term enhanced by the EHP screening of ion—
core potentials. Meanwhile, the subsequent reflectivity
increase to 0.67 is related primarily to the “red spec-
tral shifting” effect with the final reflectivity saturation
matching the UV reflectivity plateau for unexcited Si
across the Ex-band (cf. the R(fiw) curve). But because
the prompt electronic maximum bandgap renormaliza-
tion is limited by 50% (i.e., by 0Eqg, ~ 1.7 V), the
maximum effective probe energy approaches 4.8 eV ex-
actly at the beginning of the plateau. Then the sub-
sequent expected increase in pep with F' would sup-
port not a larger electronic bandgap renormalization
but even a lower one [10, 14] and the increasing Drude
contribution. However, this is not the case in our ex-
periments (Fig. 2d), as is discussed in terms of the EHP
dynamics below.

The experimentally derived real and imaginary
ODF components at the probe frequency as functions
of pen exhibited a monotonically decreasing negative
real part £; and a monotonically increasing imaginary
part ey (Fig. 6). Such dropping £; and rising 2 mag-
nitudes represent characteristic “red-shift” changes of

3

Peh, CIL
T T b
22 O
107° ¢ o 4
B =0.77+0.01
102 | |
0.01 0.1 1
F, J/cm?

Fig.7. pen(F') dependences acquired from the reflec-

tivity measurements (dark circles) and numerical mod-

eling (light circles), with the former curve revealing the

sublinear trend (proportional to FO 77001y with the
power slope B = 0.77 + 0.01

these quantities across absorption bands in strongly
photo-excited semiconductors due to their prompt pep,-
dependent bandgap renormalization [11-15], where the
well-known E; and Es bands of silicon are prominent in
Fig. 6 (cf. the inset in Fig. 6). The reasonable fitting
of the experimental reflectivity data by means of the
presented model ODF allows applying it to ODF sim-
ulations for strongly photo-excited silicon at other fs-
laser wavelengths and calculating its surface plasmon—
polariton dispersion curves.

Furthermore, the fitting results in Fig. 2d provide an
important relation between the magnitudes of pej, and
F in the region covering the reflectivity dip and rise.
When plotted as per (F), this relation reveals a sublin-
ear trend proportional to F*-77+0-01 (Fig, 7), which can
be understood by considering a simple kinetic model
of the EHP dynamics during the 100 fs laser pump
pulse [14, 24|

Open /0t = G (I(t)) — 7(pen) Pin: (6)

with the first intensity-dependent photo-ionization
term and the second nonlinear limiting Auger re-
combination term (the coefficient v is a nonlinear
function of pep, rapidly increasing at pen ~ pogr
[14]), while the EHP ambipolar diffusion into bulk
Si is negligible on the 100 fs pump pulse scale
over the energy deposition depth of about 10~° cm.
First, there is a strong-excitation steady-state regime
with the dense EHP (p.;, > 10! cm™3) resulting
from the counterbalanced ionization and recombina-
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tion rates G(I(t)) ~ v(pen)p?,. This yields the rela-
tion pen o< F2/3 at moderate pe, < ppgr in the case of
the interband two-photon absorption (TPA) process,
which is allowed for valence-to-conduction band tran-
sitions by the corresponding selection rules [35] and
predominates during EHP generation in silicon in the
IR and visible ranges [6, 18]. Indeed, at the TW /cm?-
level peak fs-laser intensities, the TPA-based absorp-
tion with the TPA coefficient § ~ 1-10 cm/GW [6, 18]
becomes much stronger (az ~ 10*-10° em™') than the
tabulated indirect single-photon absorption with the
coefficient a1;pg ~ 103-10* em~!) [5]. Second, there is
a weak excitation unsteady-state regime, when almost
unlimited TPA-based ionization proceeds during the
laser pulse, gradually increasing pej,. Hence, the exper-
imentally observed exponent B & 0.77 > 2/3 may re-
flect the transient convolution of pure TPA (p, o< F?)
at the leading pump pulse front for p.;, < 10?' cm 3
with the steady-state Auger-recombination-limited ion-
ization through TPA (pej, oc F2/3) for pej > 102! cm ™3
at later times. A similar fs-laser TPA excitation dy-
namics in Si with a subsequent drastic rise increase in
linear absorption, corresponding to the Fs-band, was
earlier observed in a transmission mode for silicon-on-
insulator samples at the 2 eV photon energy and lower
(less than 1 TW /cm?) intensities [18].

These experimental finding are well supported by
the theoretical modeling results presented as transient
ionization/recombination rates and EHP density tran-
sients in Figs. 8 and 9, using the derived TPA co-
efficient 4(800 nm) ~ 1.5 ¢cm/GW, which is reason-
ably consistent with the well-known low-intensity val-
ues 3(800 nm) ~ 2 cm/GW [6]. At lower intensities
I, <1 TW/em? (F < 0.1 J/cm?), the calculated rates
indicate the negligible impact ionization and bandgap
renormalization effects with the overall TPA-based ion-
ization rate slightly exceeding the Auger recombina-
tion one (Fig. 8a,b). In contrast, at higher intensities
Ip > 5 TW/em? (F > 0.5 J/cm?), the BGR effect
visibly promotes all these processes (Fig. 8¢,d), with
the impact ionization rate significantly increasing, but
still remaining negligible compared to the TPA rate,
while the corresponding Auger recombination rate in-
creases even more, tending to the TPA one. As a re-
sult, the calculated magnitudes p.; vary sublinearly as
functions of I; (Figs. 7, 9), providing a pronounced
BGR ~ 0.1-1 eV and the related BGR-induced in-
crease in pep, at higher densities, more than 102! ¢cm—3
(Fig. 9b,c,d). Finally, the calculated density transients
demonstrate slow variation in the maximum at the
pump end (¢ &~ +0.57 ), with the steep preceding accu-
mulative EHP dynamics and its more smooth succeed-

ing relaxation dynamics. This justifies our choice of
the delay instant At = 0.2 ps as the effective “pump-
pulse end” for the acquisition of the peak EHP density
at different photoexcitation levels.

Interestingly, the probing at the SH photon energy
allows relating the observed saturation (“bleaching”) of
the interband L — L transitions at the probe energy
(Fig. 2d) to the corresponding TPA-pumping at the
fundamental photon energy. According to the elec-
tronic capacity of about 4 - 10>" em™2 of the four rel-
evant L-valleys in Si [51], their band filling simultane-
ously provides a prompt isotropic bandgap renormal-
ization by approximately 0.7 eV, spectrally shifting the
TPA pumping and SH probing across the spectral E-
band to the red shoulder of the higher-energy E> band,
exactly as experimentally observed in the form of the
probe reflectivity rise and its plateau in Fig. 2d. In
comparison to these prompt electronic processes, in-
tervalley L—X transfer occurs on a longer time scale
(to about 180 fs [60]), not directly affecting the photo-
excitation of X-valleys.

5.2. Relief ripples as imprints of instantaneous
plasmon—polaritons on photo-excited Si
surfaces

Surface relief nanogratings (ripples) emerge on pho-
to-excited material surfaces via multi-shot fs-laser pe-
riodical local ablation, occurring at periodical maxi-
ma of the deposited volume energy density in the
surface layer (the “interference” nanostructuring me-
chanism [23,52]). In this mechanism, energy den-
sity maxima on a surface result from constructive in-
terference of a tangential component of a transverse
fs-laser electric field and of a longitudinal surface
plasmon—polariton (SPP) electric field, where the sur-
face plasmon—polaritonic wave is promptly excited dur-
ing the fs-laser pulses at the same frequency w, but at
a different wavenumber k = ki + iks accounting for
the effective refractive index of the photo-excited ma-
terial surface [42]. Hence, the experimentally observed
surface ripples represent permanent surface imprints of
transient SPP waves and, hence, can be used to reveal
the underlying SPP modes.

To make such SPP identification possible, the model
ODF in Eq. (3), accounting for the complete set of
prompt electronic processes with their basic parame-
ters justified by time-resolved reflectivity studies, was
used to simulate a number of dispersion relations fiw—Fkq
(Fig. 10) for SPPs on fs-laser photo-excited Si surfaces
at different values p., = (1-8) - 10%! em 3.

Here, the SPP dispersion relations fiw—k;; for pho-
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Fig.8. Calculated transients of photo-ionization (PI), impact ionization (1), and Auger recombination (AR) rates for the

low-intensity weak-BGR regime at I, = 0.5 (a), 1 TW/cm?

(b), medium-intensity, intermediately strong BGR regime at

5 TW/cm? (c), and high-intensity, strong BGR regime at 10 TW/cm?

toexcited silicon were calculated using the common
equation [23,42, 52]

en

k=v ,
c+n

(7)

where v is the inverse wavelength in vacuum, and ¢ =
= g1 +1ieg and n = 1y +iny are the respective frequency-
dependent dielectric functions of the plasmon-active
metallic (strongly photo-excited silicon) and inactive
dielectric (air) boundary media. In order to simulate
complete SPP dispersion curves in the broad range of
ODF variation depending on pe;, and hw, especially, the
regime |¢1| < &2 describing the surface plasmon reso-
nance (SPR) region of such dispersion curves (Fig. 10),
which is beyond the commonly used approximation
le1]| > &2 [42], full equations for SPP wave-vector com-
ponents were used in the very general form [43]

_ 2mv°B

by = l/\/(l/QD) (A+\/A2+B2), T

(8)

with [43]

A=n(e] +&3) +er(ng +m3),
B =m(e} +¢3) + e2(nf +n3),
D= (m+¢e1)”+ (2 +e2)

(9)

Additionally, the SPP electric field attenuation coeffi-
cient k, representing the real part of the SPP wave-
vector normal component inside the photo-excited Si,
was calculated as [43]

(10)

. V\/(S% —2)er + 26165 + (2 +2)VD
o 2D

and was wused to evaluate spectral amplitudes
of the electric field localization factor L(fuw)
= k(hw)/&(hwpymp), being normalized here to the
attenuation coefficient at the pump energy hwpump-
The localization factor L(hw) indicates relative spec-
tral efficiencies of the electric field localization on
the photo-excited silicon surface, which is highly
important for fs-laser surface nanostructuring in the
“interference” regime.

The resulting dispersion curves in Fig. 10 in the
range pen, = (1-8) - 10>' em™3 demonstrate a mono-
tonic blue spectral shift (from the mid-IR to UV range)

1108



MITD, Tom 147, BBm. 6, 2015

Silicon as a virtual plasmonic material ...

Electron density p., 10** cm™

0.8 = : —r— : 3.40
N S
a \ . =
0.6 \ N {339 2
\ o0
\ [with BGR ----- =
041 w/o BGR — <
\ Ee = - A3.38 &
- )
\ s =
0.2 7 3
2+ \ P A
\ 4 43.37
\ s
0 f I e - I I
-10-05 0 05 1.0 15 2.0
t/T
Electron density p., 10%? cm ™3 /e
1.0 34
08 | 32 3
-~~~ b%
0.6 330 g
=1
[«H)
041 2.8 g
E
0.2 | 26 3
0 2.4
-10-05 0 05 1.0 15 2.0

t/TL

Electron density p., 10** cm™3

. . - . . 3.40
N
\ )
1.5F b \ ',' . %
v 13.36 .
\ g ] )
1.0} \/' with BGR --..- g
w/o BGR — 1332 o
\ Ee—= )
0.5 \ s g =
DE &
\ , 7/ - 328 m
\ Ve
s
0 1 1 ~ 1 1
—-1.0 =05 0 05 10 15 20
t/T,
Electron density p., 10%? cm ™ /e
1.2 T T T T T 3.4
N -
\
AN =
\ ; 130 -
08 - \ '. EO
.’ J 3}
\/ £
0.6 4 with BGR ----- 326 o
/. w/o BGR — g
y \ Fqg— — s/ =
041t 7\ P =
&
7 422 Qq
\ s
02 = \ 7
N s
1 1 L= - 1 1 ].8
—-1.0 =05 0 05 10 15 20
t/TL

Fig.9. Calculated transients of the EHP density with the BGR effect included (dotted curve) or excluded (continuous curve),
and the direct bandgap E¢ at different laser intensities I, = 0.5 (a), 1 (b), 5 (¢), 10 (d) TW/cm?

of their SPRs, appearing for each given photon energy
in a threshold-like manner, where the threshold condi-
tion can be written in terms of ODF as ¢ = —1 for
n = 1 in air [42]. Each SPR position corresponding to
the extreme (zone-edge) wave number ko, = max{k;}
tends to higher values ko, with increasing p., (Fig. 10).
The predicted ultimate values ko at 1030 nm (ap-
proximately 1.8 pm~') and 744 nm (approximately
2.15 pm™!) pump wavelengths are well consistent with
the minimal nanoripple periods A1030,min ~ 0.55 um
and A7aq min ~ 0.42 pym in Figs. 4 and 5 (curves 3
and 4 in Fig. 10), experimentally observed along the
periphery of the nanostructured surface region, i.e.,
at the very nanostructuring threshold. Likewise, the
corresponding minimal values of k1, lying on the light
cone line for the photo-excited material (see the com-
posite inclined straight line in Fig. 10) and, hence, rep-
resenting the longer-wavelength photonic-like (polari-
tonic) modes, are also in good agreement with the max-
imal ripple periods about 1.0 ym at 1030 nm and about
0.65 pm at 744 nm observed at higher laser fluences,
i.e., under conditions of stronger photo-excitation. In-

deed, each experimental data point in Fig. 10 represent-
ing wavenumbers of surface nanogratings at each given
laser photon energy Aw undermines its specific photo-
excitation conditions and should be characterized by its
individual dispersion curve, which resembles one of the
present, curves at similar photo-excitation conditions.
Furthermore, the corresponding calculated SPR ampli-
tude K = max{k»}, characterizing the longitudinal at-
tenuation coefficient (SPR. Q-factor), initially increases
with pep (Fig. 11), demonstrating much stronger nar-
row resonances for more dense EHP. Finally, the local-
ization factor L(hw) exhibits the initial increase near
each SPR (Fig. 12), indicating the increasing efficiency
of fs-laser surface nanostructuring via the “interference”
mechanism, which is about one order of magnitude
more efficient in terms of acting electric fields if sur-
face plasmonic (SPR) rather than polaritonic modes
are involved in such surface nanostructuring.

However, all the abovementioned quantities vary
nonmonotonically over the entire range pep, = (1-8) x
x 10! ecm™3, eventually diminishing at higher p.p
(Figs. 10-12). In particular, the surface plasmon reso-
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Fig.11. Basic SPR characteristics — the maximum
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photo-excited Si surface. The upper axis shows the cor-

respondence between the surface plasmon energy fiws,
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102

Bulk EM waves
i \ [RRRTITI AN AT 1

10°

Surface waves

T T T T T T T T T

1072

0 1 2 3
hm, eV

Fig.12. Spectra of the normalized field localization
factor L for photo-excited silicon at p.r, = 1, 2, 4, 6,
7, 8 -10%' cm™3, respectively shown by the 1, 2, 3,
4, 5, and 6 curves, with corresponding numbers indi-
cating their sharp surface plasmon resonances. Surface
and bulk electromagnetic waves exist in the regions to
the left and to the right of the resonances, indicated
by the numbers 1-6

nances are very pronounced only for hw < 1.7 €V, since
the critical photoexcitation with per, > 6 -10%! cm ™3,
which is required to make the material plasmonic, shifts
these resonances toward the red shoulder of the ab-
sorption Ej band in silicon with its peak at 3.4 eV [5].
This occurs when such dense EHP provides a signifi-
cant prompt electronic bandgap renormalization (spec-
tral “red” shift) by dEg,e = Open/prgr > 1 €V (where
O/pbgr ~ 1.7-10722 eV /cm?), making the actual pho-
ton energy hw ~ 1.7 eV larger by JEg,. and tuning
the resulting effective pump photon energy to 3.4 eV
at the red shoulder of the absorption E; band. As
a result of significant interband absorption within the
band, SPRs of photo-excited Si become strongly broa-
dened and damped (Fig. 10). Similarly, the localization
factor L(hiw) and the SPR amplitude K drop signifi-
cantly due to the increased interband absorption losses
at the E; band (Figs. 11 and 12). Moreover, at higher
hw > 1.7 €V, the prompt electronic bandgap renormal-
ization owing to dense EHP shifts the SPR even deeper
to the spectral region of strong interband absorption,
related to the E; and E; bands of the material [5].
Hence, the advantageous continuous sub-bandgap tun-
ability of silicon, as an example of other virtual plas-
monic materials, in terms of simultaneous spectral SPR,
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tuning and electric field localization exhibits intrinsic
limits, related to intense above-gap interband absorp-
tion losses.

Importantly, during the 100 fs laser pump pulse,
the highly efficient targeted SPR excitation on silicon
surfaces becomes possible at a particular pump pho-
ton energy hwi,s < 1.7 €V, when the temporal EHP
density saturation occurs in the Auger recombination-
controlled regime at the appropriate density level p.p
(cf. Figs. 7 and 9), tuning the resonance to this par-
ticular energy hwi,s at the given peak laser intensity.
This EHP density level is a threshold one for the pho-
ton energy fuwy,s, since SPP excitation is not possi-
ble at lower magnitudes p.p, while higher values of pp,
shift the resonance up, enabling photoexcitation of pre-
sumably low-field, lower-k; photonic-like (polaritonic)
SPP modes (Fig. 10). In the latter case, SPR excita-
tion may occur only for a short time, when the SPR
is tuned across the fs-laser bandwidth, i.e., the overall
SPR excitation is not efficient compared to the above-
mentioned polaritonic modes.

Surprisingly, despite the evident possibility of SPR
excitation during fs-laser surface nanostructuring, its
nonpropagating (w/k; — 0), strongly dissipative (high
ko-amplitudes) character makes its use challenging to
fabricate regular surface ripples, if such excitation oc-
curs on spontaneous surface roughness. One can as-
sume that multiple nanostructured domains should
emerge on a sample surface under SPR excitation con-
ditions owing to multiple and chaotic light scattering
centers. Meanwhile, in Figs. 4 and 5 in this paper,
we demonstrate multi-micron regions covered by SPR-
induced surface ripples, becoming possible, apparently,
due to other, nonlinear SPP excitation mechanisms
(e.g., due to fs-laser driven “optical roughness” [60]).

6. CONCLUSIONS

In conclusion, prompt optical constants of an
fs-laser photo-excited silicon surface and related
electron—hole plasma dynamics were experimentally
acquired by means of time-resolved optical reflection
microscopy and numerically modeled using a quan-
tum kinetic approach. The gained knowledge of the
prompt optical dielectric function of the photo-excited
material enabled simulating its SPP dispersion curves
at different electron—hole plasma densities, predicting
nonmonotonic tunability, and positions and amplitudes
of their surface plasmon resonances in the sub-bandgap
spectral range. These theoretical results are supported
by direct experimental multi-color mapping of the
dispersion curves at several laser photon energies,
achieved by measuring spatial periods of the corre-

sponding SPP-mediated surface relief nanogratings.
Vice versa, the gained electronic dynamics and SPP
dispersion curves indicate SPP modes favorable for
fs-laser surface nanostructuring, and enlighten related
promising fabrication regimes.
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