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In many optically tunable materials, possessing en-
ergy bandgaps (dielectrics, semiconductors or semimet-
als) or narrow high-density electronic d-bands buried
within broad lower-density s-bands (e.g., transition met-
als), intense ultrashort laser excitation induces, via in-
stantaneous electron-hole plasma (EHP) photogenera-
tion, almost prompt changes of their dielectric function
[1] and the related transient renormalization of the cor-
responding surface plasmon-polaritons (SPP) dispersion
curves. Such dynamic renormalization, through prompt
frequency blue-shifting of SPP dispersion curves as a
result of the increasing and saturating electronic exci-
tation level during the exciting fs-laser pulse [2], makes
possible dynamical excitation of any specific – either
plasmonic, or polaritonic – SPP modes at any given op-
tical laser wavelength. So far, this dynamic SPP tun-
ability effect was non-selectively, but rather successfully
used in large-scale threshold-like fs-laser fabrication of
near- and sub-wavelength periodic surface nanogratings
(nanoripples, nanoscale laser-induced periodical surface
structures – nano-LIPSS), which are eventually finding
novel applications as functional surface nanotextures for
photonic devices and smart (self-cleaning) surface coat-
ings.

In this Letter we report, to our knowledge, the first
calculations of SPP dispersion relationships for fs-laser
photo-excited surface of silicon, which are based on
its experimentally derived transient optical constants.
These calculations predict, besides the common non-
selective high-fluence excitation of surface polaritons,
the opportunity of selective low-fluence fs-laser exci-
tation of transient narrow surface plasmon resonances
(SPR) with ultimately short wavelengths and maxi-
mum electric field amplitudes, highly beneficial for in-
terferential fabrication of sub-wavelength relief gratings.
These predictions are illustrated by on fs-laser surface
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nanopatterning through near-wavelength efficient exci-
tation of strong-field surface plasmons, interfering with
each other in a counter-propagation geometry and thus
yielding in 100-nm surface relief gratings, by means of
intense white-light (supercontinuum, SC) femtosecond
pulses, generated inside multiple infrared (IR) fs-laser
filaments within the thin immersion water layer on the
silicon surface. This novel excitation scheme provides
easy, robust and dynamic tracking of the dynamically
blue-shifting SPR of the photo-excited silicon, open-
ing new experimental modalities for its ultimate surface
nanopatterning.

White-light SC radiation was generated in a multi-
filamentation regime by 744-nm, 110-fs laser pulses fo-
cused by a spherical silica lens (25-mm aperture, 50-mm
focal length) into distilled water inside a cell with silica
glass windows (Fig. 1, inset a), for highly supercritical
peak pulse powers of 0.5–40 GW well above the critical
self-focusing power ≈ 3 MW at 800 nm in water [3]. The
exiting SC radiation detected behind the glass cell in a
transmission mode exhibits versus increasing peak laser
power strong spectral (500–900 nm) (Fig. 1) and angu-
lar broadening, comparing to the initial laser bandwidth
and angular spectra envisioned for the low super-critical
peak pulse power of 5 MW and at the 0.8-GW peak
pulse power slightly above the SC generation threshold
of 0.4 GW (Fig. 1). The spectrally-integrated SC yield,
excluding the laser bandwidth region, approaches 70 %
at the 10-GW pulse power, in agreement with calori-
metric measurements 50 %-power in the blue (< 700 nm)
and red (> 800 nm) SC shoulders.

Surface nanopatterning was performed in linearly
polarized by 744-nm, 110-fs laser pulses focused by the
spherical silica lens either onto the dry silicon wafer sur-
face, or inside a 3–4 millimeter-thick water layer above
the silicon sample (Fig. 1, inset e), respectively. One-
dimensional surface gratings with the period Λair,1 =

= 0.42 ± 0.01μm and grating ridges perpendicular to
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Fig. 1. (Color online) Characteristics of SC radiation gen-
erated in water by IR femtosecond laser pulses in the
multi-filamentation regime. Main plot: SC spectra at peak
fs-laser powers of 0.005 (the initial laser spectrum), 0.8 and
11 GW. Insets: (a) – the image of SC radiation exiting the
water-filled glass cell as a result of multi-filamentation;
(b)–(d) – images of the spectrally and angularly broad-
ened SC radiation at these peak fs-laser powers; (e) – the
water-filled uncovered glass cuvette for surface nanopat-
terning with the SC (light) column in the water layer atop
the buried silicon wafer

the laser polarization vector (the “normal” gratings [4])
were visualized on the silicon surface at the laser fluence
F ≈ 0.2 J/cm2, while at higher fluences F > 0.35 J/cm2

more coarse (near-wavelength) normal gratings with the
period Λair,2 = 0.61±0.02μm were observed. This rising
fluence dependence of Λair is in agreement with the pre-
vious experimental observations and with the fluence-
dependent EHP-driven blue shifting of the SPP disper-
sion curves.

To catch and strictly follow the dynamically blue-
shifting shorter-wavelength plasmonic resonances, pro-
viding their quasi-continuous, selective and highly effi-
cient excitation during the fs-laser pump pulse, broad-
band electromagnetic radiation of fs or short ps du-
ration was put forward as the SPP excitation source
[5]. Intense white-light (full width at half maximum
(FWHM) ≈ 600–800 nm without the much more intense
laser bandwidth region) SC radiation (Fig. 1) generated
inside a 3–4 mm thick distilled water layer atop the hor-
izontal silicon wafer surface in a glass cell by 744-nm,
110-fs multi-GW focused pulses in a multi-filamentation
regime, photo-excites both the wafer and broad contin-
uum of its SPP modes. For the SC spectra extending in
the range of 600–800 nm, the SPP electric field provides

on the photo-excited wet Si surfaces very intense surface
plasmons with the shortest wavelengths, while the large
SC spectral width supports the quasi-continuous target-
ing of the blue-shifting SPR for ρeh ∼ 1021 cm−3. As a
result, the excited counterpropagating strong-field sur-
face plasmons may interfere with each other, inducing
a transient electric field standing wave pattern, which
may be imprinted into the Si surface relief. Indeed, un-
der such SC excitation of the wet Si surface, normally-
oriented one-dimensional surface gratings with the pe-
riod Λwat,1 = 0.12± 0.01μm were fabricated. This grat-
ing period is twice lower, than the minimal predicted
surface plasmon wavelength ≈ 0.21μm, and five times
lower, than the grating period Λwat,2 = 0.52± 0.03μm
fabricated under the narrow-bandwidth IR pump fs-
laser radiation through the common “laser photon–
surface polariton” interaction. This may indicate that
under these conditions of the SPR dynamic tracking
and quasi-continuous feeding by the fs SC radiation, the
transient interference of the counter-propagating surface
plasmons on the photo-excited Si predominates over the
“fs-laser photon–surface plasmon” interference owing to
the strong surface plasmon electric field, exceeding the
laser one.

In conclusion, we have for the first time predicted ul-
timately short (≈ 100 nm) wavelengths for plasmons on
silicon surfaces photo-excited by IR femtosecond laser
pulses and demonstrated their selective, highly efficient
and robust experimental excitation by femtosecond in
situ white-light super-continuum radiation, envisioned
through sub-diffraction Si surface nanopatterning.

Full text of the paper is published in JETP Letters
journal. DOI: 10.1134/S0021364019030032
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