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SILICON AS A VIRTUAL PLASMONIC MATERIAL:ACQUISITION OF ITS TRANSIENT OPTICAL CONSTANTS ANDTHE ULTRAFAST SURFACE PLASMON�POLARITON EXCITATIONP. A. Danilov a;b, A. A. Ionin a, S. I. Kudryashov a;b*, S. V. Makarov a, A. A. Rudenko a,P. N. Saltuganov 
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ademy of S
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es1784, So�a, BulgariaRe
eived O
tober 25, 2014Ultrafast intense photoex
itation of a sili
on surfa
e is 
omplementarily studied experimentally and theoreti
ally,with its prompt opti
al diele
tri
 fun
tion obtained by means of time-resolved opti
al re�e
tion mi
ros
opy andthe underlying ele
tron�hole plasma dynami
s modeled numeri
ally, using a quantum kineti
 approa
h. The
orresponding transient surfa
e plasmon�polariton (SPP) dispersion 
urves of the photo-ex
ited material weresimulated as a fun
tion of the ele
tron�hole plasma density, using the derived opti
al diele
tri
 fun
tion model,and dire
tly mapped at several laser photon energies, measuring spatial periods of the 
orresponding SPP-mediated surfa
e relief nanogratings. The unusual spe
tral dynami
s of the surfa
e plasmon resonan
e, initiallyin
reasing with the in
rease in the ele
tron�hole plasma density but damped at high interband absorptionlosses indu
ed by the high-density ele
tron�hole plasma through instantaneous bandgap renormalization, wasenvisioned through the multi-
olor mapping.DOI: 10.7868/S00444510150600381. INTRODUCTIONSemi
ondu
tors are prospe
tive �virtual� materialsfor a
tive plasmoni
s, requiring intense ultrafast (fem-tose
ond, fs) photo-inje
tion of di�erent 
arrier densi-ties � from rare gas of separate ele
tron�hole pairsto their dense �plasma �uid� (ele
tron�hole plasma,EHP) � to demonstrate their broad (far-IR�UV) spe
-tral tunability for promising plasmoni
, opti
al swit
h-ing, THz-related, and other appli
ations [1�4℄. Al-though the diele
tri
 fun
tion spe
tra for unex
itedsemi
ondu
tors are of 
ommon knowledge [5℄, the ad-van
ed use of photo-ex
ited semi
ondu
tors in plas-*E-mail: sikudr�s
i.lebedev.ru

moni
s undermines a profound knowledge of theirbroad-range diele
tri
 fun
tion spe
tra for a range ofphoto-inje
ted EHP densities �eh � 1016�1022 
m�3.While experimental time-resolved a
quisition of tran-sient opti
al 
onstants of photo-ex
ited semi
ondu
torsis rather trivial at low EHP densities (�eh < 1021 
m�3)[6; 7℄, it be
omes a 
hallenging task at higher �eh,sin
e a strong modulation of their diele
tri
 fun
tion" = "1+i"2 is expe
ted for �eh > 1021 
m�3, when bothphoto-indu
ed intraband and interband ele
troni
 tran-sitions are additionally a�e
ted by a signi�
ant promptele
troni
 bandgap renormalization [8�15℄.Experimental studies of transient opti
al-range di-ele
tri
 fun
tions (ODF) of strongly photo-ex
itedsemi
ondu
tors are rather s
ar
e [11�23℄ (see the his-tori
al overview of early works in Ref. [23℄), represen-1098
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on as a virtual plasmoni
 material : : :ting transient ODFs, if any, just at a few visible probewavelengths (400�800 nm) as a fun
tion of the laser�uen
e F or intensity I , not �eh. In the �rst time-resolved study [16℄, the photo-generated EHP density�eh � 1021 
m�3 on a bulk Si surfa
e was evaluatedfrom its transient re�e
tivity 
hanges at the 625 nm fs-laser wavelength, using a simple Drude model. Later,similar resear
h was performed in Ref. [17℄ under strong625 nm fs-laser ex
itation 
onditions, yielding the EHPwith �eh � 1022 
m�3 estimated a

ording to a simi-lar Drude model. An a

urate study was undertakenby Downer et al. [18℄, by looking at the time-resolvedtransmission of 625 nm fs-laser pulses through a sub-mi
ron sili
on-on-insulator �lm to envision the basi
two-photon absorban
e at moderate fs-laser intensi-ties (less than 0:3 TW/
m2) and an unidenti�ed dras-ti
 rise of a mu
h stronger absorption (approximately105 
m�1) at slightly higher intensities. A similarlarge transient ODF modulation was observed in Si,GeSb, and GaAs [11℄, related to the prompt ele
troni
bandgap renormalization. In this regard, a linear re-lation between ele
troni
 bandgap shrinkage and theEHP density was experimentally demonstrated laterin Te Ref. [13℄. Then, another detailed time-resolvedopti
al re�e
tion mi
ros
opy resear
h on bulk Si usedthe analysis of experimental re�e
tivity dependen
eson laser �uen
e, a

ompanied by a 
omprehensivemodeling of its diele
tri
 fun
tion at minor bandgapshrinkage and the absent EHP s
reening, to demon-strate a two-photon EHP generation me
hanism up to�eh � 1022 
m�3 [19℄, although without any expe
tedAuger re
ombination as a ionization limiting me
ha-nism [15; 16; 24℄. With the key Auger re
ombinationpro
ess ignored in the analysis, time-resolved re�e
tionstudies on sili
on have resulted in high EHP densitiesapproa
hing 1023 
m�3 [20℄. Finally, in Ref. [22℄, theauthors reported ultrahigh �eh � 1022�1023 
m�3 andabsolute ODF amplitudes up to 200 at the 1240 nmpump/probe wavelengths in the �uen
e range betweenmelting and ablation thresholds of sili
on, invoking ad-ditional non-Fresnel opti
al analysis of EHP surfa
egradients. Overall, the previous basi
 experimentalstudies of dense EHP photo-generation �eh versus thelaser �uen
e F or laser intensity I , in ea
h 
ase missingsome important physi
al e�e
ts in their analysis, pro-vide not only a rather 
ontradi
tory physi
al pi
ture ofthe photogeneration and EHP relaxation dynami
s insemi
ondu
tors [11�23℄ but also rather unreliable out-put �eh magnitudes (5 � 1021�1023 
m�3) even for quitesimilar photo-ex
itation 
onditions.Moreover, the present di�erent theoreti
al des
rip-tions of su
h ultrafast photogeneration and relaxation

dynami
s of dense EHP are also not satisfa
tory. Typ-i
ally, a nonlinear partial di�erential equation is used,where the rates of 
arrier generation, 
arrier di�u-sion, and Auger re
ombination are 
onsidered withthe last term not dynami
ally depending on �eh andthe bandgap renormalization e�e
t not taken into a
-
ount for �eh � 1022 
m�3 [19; 20℄. Alternatively, en-ergy balan
e equations for the ele
tron and latti
e sys-tems are used [20; 25; 26℄. Another approa
h is a two-temperature model (TTM) des
ription based on a semi-
lassi
al Boltzmann equation [27℄, upgraded later to animproved TTM model 
oupled with a rate equation forone- and two-photon 
arrier generation, di�usion, andAuger re
ombination, but again disregarding the dy-nami
al EHP e�e
ts on the Auger re
ombination rateand band-gap renormalization [28; 29℄. Later, the samemodel was 
oupled with mole
ular dynami
s to de-s
ribe 
arrier�latti
e heat ex
hange [30℄. Finally, morea

urate nonequilibrium theoreti
al des
riptions, basedon the Boltzmann equation or kineti
 Monte Carlo sim-ulations, were also re
ently applied for the modeling ofultrafast EHP photo-ex
itation and relaxation dynam-i
s in semi
ondu
tors [31�34℄, still ignoring the essentialdynami
al interplay between EHP photogeneration andinstantaneous 
hanges of opti
al and ele
troni
 proper-ties of su
h strongly photo-ex
ited materials.The main reasons of these un
ertainties and 
on-troversies are related, in our opinion, to improperlya

ounting for various basi
 ele
troni
 pro
esses in adense EHP driven by intense ultrashort laser pulsesduring its ultrafast photoex
itation and relaxation insemi
ondu
tors and diele
tri
s. The whole set of thesepro
esses in a dense EHP (�eh > 1021 
m�3) in
ludes(but is not limited by) band-�lling [11; 14; 18; 19℄,EHP s
reening of multi-parti
le intera
tions (e. g.,Auger re
ombination [24℄), stati
 ion�
ore potentials[8�10℄, inter-valley ele
tron�phonon s
attering [22℄,and intense ultrafast ex
itation of 
oherent opti
alphonons [13℄, prompt ele
troni
 and delayed phonon-mediated band spe
trum renormalization [8�15; 19℄, aswell as the 
onsequent in
rease in kineti
 rates for linearand nonlinear photo-ionization 
ross se
tions [14; 35℄,impa
t and tunnel ionization rates [14℄, Auger re
om-bination [14℄, ele
tron emission, and surfa
e 
harg-ing [15℄. Some of the mentioned phenomena werenot even expli
itly revealed in the previous experi-ments, and that is why their relative 
ontributions arenot yet evaluated. But in the highly nonlinear EHPdynami
s, any underestimation or overestimation forsome of these 
ounterbalan
ing e�e
ts results in a dis-torted physi
al pi
ture and large resulting errors inthe basi
 parameters, the EHP density and tempera-1099 2*
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i�
ally, the important fa
tor of prompt ele
-troni
 bandgap renormalization [8�15℄ was often dis-regarded in the pre
eding theoreti
al models aimedto �t the transient opti
al re�e
tivity of su
h mate-rials [16�23℄, yielding unbalan
ed re�e
tivity analysisalgorithms and, hen
e, overestimated 
ommon Drude
ontributions to the diele
tri
 fun
tion [17; 19; 21; 22℄.As a result, strong ultrafast photo-ex
itation of semi-
ondu
tor surfa
es, as a primary step of many fs-laserablative nano- and mi
ro-ma
hining te
hnologies, re-mains not well understood and predi
table.In parti
ular, an expe
ted prospe
tive regime offs-laser surfa
e nanostru
turing of strongly photo-ex
ited semi
ondu
tors, invoking their surfa
e plasmonresonan
e (SPR, strongly dissipative mode) throughprompt 
onstru
tive interferen
e of the transverse ele
-tri
 �eld of an in
ident laser wave with the longitu-dinal ele
tri
 �eld of a laser ex
ited short-wavelengthsurfa
e plasmon wave to produ
e nanos
ale surfa
e re-lief gratings has been neither predi
ted, nor yet real-ized. By 
ontrast, presumably multi-shot fs-laser sub-mi
rometer-s
ale stru
turing of their surfa
es, medi-ated by near-wavelength polaritoni
-like surfa
e waves(long-propagation modes), was 
ommonly revealed atvery di�erent photoex
itation 
onditions [36�41℄. Fur-thermore, the related extensive theoreti
al modeling oftransient ODF and 
orresponding prompt SPP disper-sion 
urves [38; 39℄ was limited by rather trivial regimesof moderate photo-ex
itation (j"1j � "2) [42℄, therebyignoring the important SPR region with j"1j � "2 [43℄.Only re
ently, one 
omprehensive model was proposedfor a

urate experimental a
quisition of ODF and EHPdensities in photo-ex
ited insulators [14; 15℄, whi
h a
-
ounts for basi
 features of dense EHP and its dy-nami
s, involving opti
al 
arrier mass dispersion andrenormalization, band-�lling e�e
ts, isotropi
 bandgaprenormalization, and s
reening e�e
ts. This makes it aversatile tool for pioneering, enlightening full-s
ale sim-ulations of surfa
e plasmon�polariton dispersion 
urvesof strongly photo-ex
ited semi
ondu
tors over a broadIR�UV spe
tral range.In this paper, we report high-�uen
e ultrafast laserphoto-ex
itation of a sili
on surfa
e to probe multi-photon photo-generation and re
ombination of theele
tron�hole plasma, as well as prompt ele
troni
bandgap renormalization. These pro
esses were nu-meri
ally modeled using a quantum kineti
 approa
h,based on a solution of a kineti
 Boltzmann equation.The derived model diele
tri
 fun
tion of photo-ex
itedsili
on was used to simulate its surfa
e plasmon�polariton dispersion 
urves from near-IR to UV, whi
h

were experimentally mapped at di�erent photoex
ita-tion 
onditions by measuring spatial periods of surfa
eplasmon�polariton-mediated surfa
e relief gratings.2. EXPERIMENTAL SETUP ANDTECHNIQUES2.1. Time-resolved opti
al re�e
tionmi
ros
opyIn the experiments, we used a 
ommer
ial 0.45 mmthi
k, atomi
ally �at undoped sili
on Si(100) waferwith a few-nanometer-thi
k native oxide layer, ar-ranged on a three-dimensional motorized translationmi
ro-stage under PC 
ontrol and raster-moved fromlaser shot to shot to expose its fresh surfa
e spots(Fig. 1). Its single-shot laser irradiation (one laser pulseper surfa
e spot) at a repetition rate of 10 Hz was pro-vided by single IR (800 nm) Ti:sapphire laser pulses inthe TEM00 mode with the FWHM (full-width at half-maximum) duration �pump � 100 fs and pulse energiesup to 1.5 mJ, using a triggered ele
tro-me
hani
al shut-
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Fig. 1. Experimental setup: BS � beam splitter,AC � auto
orrelator, QPW+GPP � energy attenua-ting set of a half-wave plate and a Glan-prism polarizer,EM1,2 � thermo
ouple energy meters, M � mirror,L � fo
using sili
a lenses, HG � se
ond and thirdharmoni
s generator, DL � opti
al probe delay line,CCD � 
harge-
oupled devi
e 
amera, BD � beamdump, DO � digital os
illos
ope, 3D-MS � three-dimensional motorized mi
ro-stage, PC � laptop fordata a
quisition and hardware 
ontrol. Insets: images(500 �m� 300 �m) of a single-shot fs-laser ex
ited Sisurfa
e spot at F = 1:4 J/
m2 for �t = �0:1 (a),0 (b ), +0:1 (
), +0:2 ps (d ) with the dashed line sho-wing their 
entered spatial 
ross se
tions used for the�uen
e 
onversion1100
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on as a virtual plasmoni
 material : : :ter. The pump pulse energy was redu
ed in these ex-periments using a 
ombination of a half-wave plate anda Glan-prism polarizer, to the minimum level slightlyabove 0.2 mJ to avoid the laser beam degradationdue to its self-fo
using in air and air plasma s
atter-ing/refra
tion (the 
riti
al power at the wavelength ofabout 3 GW [44℄, i. e., approximately 0:3 mJ for the100 fs laser pulses).The fs-laser pump pulses were fo
used in p-polarization at the angle of 45Æ by a sili
a lens (fo
aldistan
e f = 500 mm) into a small fo
al spot (with theGaussian main ellipse 1=e-radii �
1=e;x � 0:10 mm and�
1=e;y � 0:05 mm) on the surfa
e of the Si sample,arranged in front of a smaller aperture of a probe-linemi
ros
ope obje
tive (NA = 0:37) (Fig. 1). The time-resolved opti
al re�e
tion mi
ros
opy arrangementdes
ribed elsewhere [12; 14; 15; 19; 20℄ used a strongsmall pump beam at 800 nm and a temporally delayed(in this work, �t = �0:1�+0:2 ps with the a

ura
yof 0.05 ps), �fty times weaker large frequen
y-doubledprobe beam at 400 nm (FWHM �probe � 100 fs),provided by se
ond harmoni
 generation in a 1.5 mmthi
k BBO 
rystal in a harmoni
s generator. Zero-ti-me delay �t = 0 was assigned to the instant whenthe pump and probe pulse peaks 
oin
ide exa
tlyin the sample plane. The initial sample re�e
tivityR0 = 0:49 � 0:01 was 
alibrated using an aluminummirror (the normal-in
iden
e re�e
tion at 400 nm isabout 0.92), in agreement with its tabulated valueof approximately 0:488 [5℄. The in
ident �uen
e
alibration, providing the peak surfa
e �uen
e F upto 1.5 J/
m2 as a fun
tion of the in
ident energyand the abovementioned Gaussian beam parameters,was performed by means of an opti
al mi
ros
ope tomeasure the main radii of the resulting ablative surfa
e
raters. 2.2. Surfa
e nanostru
turingMulti-shot surfa
e stru
turing of the sili
on waferwas performed in ambient air by 744 nm, 100 fsTi:sapphire or 515/1030 nm, 200/300 fs Yb:�ber laser(Satsuma, Amplitude Systemes) pulses fo
used by a35 mm spheri
al sili
a lens at the normal in
iden
e ontoits surfa
e. The wafer was arranged onto the three-dimensional motorized translation mi
ro-stage and ir-radiated at di�erent in
ident peak fs-laser �uen
es Fand exposure pulse numbers N , through its raster-s
anning in a number of lines. Surfa
e topography ofthe resulting stru
tured spots was 
hara
terized by a�eld-enhan
ed s
anning ele
tron mi
ros
ope (FE SEM,JEOL 7001F) with a magni�
ation up to 500000 in therelief SEM mode.

3. MODELINGAs mentioned in the Introdu
tion, transient photo-ex
itation and nonequilibrium relaxation dynami
s ofele
tron�hole plasma (EHP) 
an be adequately de-s
ribed by a mi
ros
opi
 model that treats the evo-lution of the 
arrier distribution fun
tion expli
itly. Inthis paper, su
h a des
ription is proposed using a quan-tum kineti
 approa
h presented below.The quantum kineti
 formalism was previously de-veloped in Ref. [45℄, and later was re�ned in the su
-
eeding work [14℄ to des
ribe mi
ros
opi
 pro
esses o
-
urring during the ultrashort laser pulse intera
tionwith a GaAs surfa
e. Its relevant terms and 
orre-sponding parameters used in our 
al
ulations for Si arebrie�y des
ribed below.Compared to dire
t-gap GaAs, the indire
t-band-gap Si semi
ondu
tor has a many-valley 
ondu
tionband with ellipti
al energy surfa
es and a degeneratevalen
e band with heavy and light holes, and a redu
edtwo-band model with spheri
al energy surfa
es is usedfollowing Ref. [46℄. Photo-ionization (PI), impa
t ion-ization (II), and Auger re
ombination (AR) dynami
sin the photo-ex
ited GaAs were modeled using the setof equations des
ribed elsewhere [14℄. In this paper,two-photon absorption a
ross the band gap is given bythe expression [47; 48℄Sabs / 2�~ ���� F 2k~
�Eek �Ehk �EG ����2 �� 2Fk=�(2~
�Eek �Ehk �EG)2 + 4jFkj2 ; (1)wherejFkj2 � e2E20Lm0
 �m0m�e � 1� EG(EG +�0)2(EG + 2�0=3) : (2)Phonon-assisted Auger re
ombination was des
ribedfollowing Refs. [49; 50℄.In these numeri
al 
al
ulations the following param-eters were 
hosen: the variable laser intensity (�uen
e)IL = 0:1�10 TW/
m2 (0.01�1 J/
m2) for the pulseduration (FWHM) �p = 100 fs, the initial bandgap en-ergies (without the BGR e�e
t) at the latti
e tempera-ture T = 300K: EG;0 � 1:12 eV (indire
t bandgap) andEG;0 � 3:4 eV (dire
t bandgap), the spin�orbit split-ting of the Si bulk semi
ondu
tor �0 = 0:6 eV, the 
ar-rier (ele
tron and hole) e�e
tive masses m�e = 0:26m0and m�h = 0:31m0, where m0 is the free ele
tron mass,the relative high-frequen
y (opti
al) and low-frequen
y(stati
) diele
tri
 
onstants "(1) = 13:5 and "(0) � 12,and the opti
al phonon energy ~!LO = 63 meV. The
harge neutrality 
ondition �e = �h was also assumed.1101
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Fig. 2. Experimental probe re�e
tivity dependen
es R(F ) (light 
ir
les, left/right and bottom axes) at di�erent delay times�t = �0:1 ps (a), 0 ps (b ), +0:1 ps (
), +0:2 ps (d ). In �gure (d ), the dotted, dashed, dash-dotted, and 
ontinuous
urves R(�eh) (left/right and top axes) respe
tively represent 1) the pure Drude model, 2) the Drude model with EHPs
reening, 3) the Drude model with s
reening and bandgap renormalization (BGR), and 4) the Drude model 
ombined withEHP s
reening, BGR and band �lling. The magnitudes R0, Rmin, and Rmax 
orrespond to the initial Si re�e
tivity (dashedlines in a�
), the minimum and maximum re�e
tivity of the photo-ex
ited material. Inset: re�e
tivity spe
trum of unex
itedsili
on with the arrow showing the BGR-driven transition between the unex
ited state (the initial point at 3:1 eV) and the�nal ex
ited state at 4:3 eV, 
orresponding to Rmax (from Ref. [5℄)The prompt ele
troni
 renormalization of the di-re
t gap in sili
on (approximately 3.4 eV) in the vi
i-nity of the � and L points was modeled similarly toGaAs [10℄ and in agreement with previous 
al
ulationsof the ele
troni
 renormalization in sili
on [9℄ underthe assumption that the total valen
e ele
tron densityin the tetravalent material is about 2 � 1023 
m�3 [51℄.4. RESULTS4.1. Transient Si re�e
tivityThe sili
on surfa
e images 
aptured using the time-resolved opti
al re�e
tion mi
ros
opy setup in Fig. 1at di�erent instants during the 800 nm pump pulsedemonstrate a number of typi
al prominent temporallyand spatially resolved probe re�e
tivity features [11�22℄

on the photo-ex
ited Si surfa
e for su
h short delaytimes (Fig. 1, insets a�d ). Here, the photo-ex
ited spottemporally extending from a semi-ellipti
al to a 
om-plete ellipti
al one appears at shorter delay times fromthe right to the left in the 
entral fs-laser pumped re-gion be
ause of the oblique (45Æ) in
iden
e of the fs-la-ser pump pulse from the right size, as shown by thethi
k dark arrow, approa
hing the surfa
e �rst by itsright edge.Also, with the 
omplex refra
tive index of Si at800 and 400 nm being n(800 nm) = 3:70 + 0:007i andn(400 nm) = 5:57 + 0:387i [5℄, the probe penetrationdepth Æ(400 nm) is mu
h smaller than the pumpingdepth Æ(800 nm), ensuring the probing of the nearlyhomogeneously ex
ited, Fresnel-like region near the Sisurfa
e.1102
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Fig. 3. Transients R(�t) for F = 0:25 (
ir
les), 0:45(squares), 1:4 J/
m2 (triangles) with the shadowedarea showing the referen
e probe pulse full width. Zero-time delay �t = 0 ps was established as the instantwhen the pump and probe pulse peaks 
oin
ide exa
tlyin the sample planeQualitatively, at small delay times, the revealedtransient re�e
tivity features were as follows: 1) aninitial ultrafast dip of the probe re�e
tivity transientsbelow the initial value R0 � 0:49 (Fig. 1a) to the min-imum level Rmin = 0:461 � 0:005, 2) a subsequentmonotonous in
rease of R (Fig. 1b ) until its satura-tion starting at Rmax � 0:67 and extending to 0.68(Fig. 1
,d).In detail, these probe re�e
tity features appearmore 
learly on the �uen
e dependen
es R(F ) in Fig. 2,exhibiting the following features at these few time sli
eswith the 0.1 ps intervals: a) a small initial positive in-
rease of R to 0.53 for F > 0:8 J/
m2 (�t = �0:1 ps),b) a small de
rease to 0.485 for F > 0:23 J/
m2 andthen a mu
h higher in
rease to 0.61 for F > 0:45 J/
m2(�t = 0), 
) a large dip to Rmin for F > 0:16 J/
m2with the subsequent rapid in
rease to Rmax for F >> 0:4 J/
m2 (�t = 0:1 ps) and, �nally, d) a similarinitial dip to Rmin for F > 0:13 J/
m2 with the subse-quent step to saturation at Rmax for F > 0:45 J/
m2(�t = 0:2 ps).The temporal dynami
s of these features is pre-sented in Fig. 3 for three (low, medium, and high) �u-en
e values, indi
ating di�erent dynami
s of the EHP-driven opti
al 
hanges on the photo-ex
ited Si surfa
e.In parti
ular, at F � 1:4 J/
m2, the probe re�e
tiv-ity saturates at the level Rmax at �t = +0:1 ps, whileat F � 0:25 J/
m2, the re�e
tivity minimum Rmin is

a
hieved later, at �t = 0:2 ps. In the intermediate
ase (F � 0:45 J/
m2), the re�e
tivity passes the min-imum at �t = 0 and then almost approa
hes Rmax at�t = 0:2 ps. A

ounting for the �nite probe pulsewidthof approximately 0.1 ps (FWHM), we 
an 
on
ludefrom these dynami
s that the EHP density and theresulting EHP-driven opti
al 
hanges on the Si surfa
eat �t = 0 saturate at high �uen
es F � 1:4 J/
m2 (ar-bitrarily, in the plateau region at Rmax � 0:64�0.68),while at lower �uen
es su
h variation of the EHP-drivenopti
al 
hanges, as well as the monotonous in
rease inthe EHP density, 
ontinues until the end of the pumppulse (�t = 0:1 ps) (see Se
. 5.1 for a dis
ussion ofthe EHP dynami
s). The presented pump/probe de-lay time assignment is quantitatively 
onsistent withthe 
onsequent appearan
e of the di�erent pump beamedges at the di�erent instants along the horizontal linein Fig. 1 (e. g., there is almost no any re�e
tivity 
hangein the pump beam 
enter �t = �0:1 ps, when theprobe pulse 
omes 0.1 ps ahead of the pump pulse).Meanwhile, to a

ount for the pump/probe pulsewidth
onvolution e�e
t on the a
quisition of EHP dynam-i
s on the photo-ex
ited sili
on within the pump pulseat the key instants �t = 0 (the pump peak intensity)and +0:1 ps (the end of the pump pulse) in our �ttinganalysis, the re�e
tivity dependen
e R(F ) was 
hosenin Fig. 2 at �t = 0:2 ps (the �e�e
tive� �t = 0:1 ps).4.2. Surfa
e nanostru
turingMulti-shot (N � 3�103 pulses) fs-laser dry nanos-tru
turing of an atomi
ally smooth Si(100) 
ommer
ialwafer surfa
e by the linearly polarized 744 nm fs-laserpulses resulted in one-dimensional surfa
e gratings withtheir ridges perpendi
ular to the laser polarization ve
-tor (the �normal� gratings [23; 52℄) and the periods�744, varying depending onN and F . The observed 
u-mulative dependen
e �(N) is well known [53�55℄, withthe 
orresponding ripple periods � de
reasing by 30%for larger N due to the resulting in
rease in the rip-ple depth [55℄. By 
ontrast, the �uen
e dependen
e ismore related to photo-ex
itation 
onditions, exhibiting�744;min(N � 100) = 0:42� 0:01 �m at the lo
al �u-en
e F � 0:15 J/
m2 (Fig. 4a), i. e., just slightly abovethe nanostru
turing threshold F744 � 0:13 J/
m2,while at higher �uen
es F > 0:2 J/
m2, more 
oarse(near-wavelength) normal gratings with the period�744;max(N � 100) = 0:65 � 0:05 �m were observed(Fig. 4
). This rising trend for �744 as F in
reases isin agreement with the previous experimental observa-tions [54; 56℄.Likewise, multi-shot surfa
e ripples were gener-1103
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Fig. 4. SEM images of ripples generated on the sili
onsurfa
e by 744 nm (1:68 eV) fs-laser pulses at N = 100and di�erent �uen
es F [J/
m2℄: a � 0:15, b � 0:2,
 � 0:3, and d � 0:4. The bilateral arrows show thelaser polarizationated on a sili
on surfa
e at other laser wavelengthof 1030 and 515 nm (Fig. 5). Compared to 744 nmfs-laser pulses, the only near-wavelength ripples with�515 � 0:50� 0:04 �m (N = 3) were produ
ed at the515 nm wavelength above the nanostru
turing thresh-old F515(N = 3) � 0:3 J/
m2 (Fig. 5a). By 
on-trast, at the 1030 nm wavelength, a whole spe
trumof ripple periods �1030 was observed (Fig. 5b�d), de-pending not only on N (in the range 0.7�1 �m, i. e.,within the abovementioned 30% 
umulative de
rease),but also (almost twi
e) on the laser �uen
e, exhibitingthe lower-�uen
e �ner ripples at the very nanostru
tur-ing threshold F1030(N = 30�300) � 0:5 J/
m2 (Fig. 5d;see the �ner ripples slightly above the threshold �uen
eat the laser spot periphery and more 
oarse ripples athigher F 
loser to the 
entral 
rater).5. DISCUSSIONThe experimental time-resolved re�e
tion data andthe SEM images of the fs-laser generated surfa
e ripplesprovide some enlightening insights into the ele
troni
dynami
s, transient opti
s, and plasmoni
s of su
h fs-laser photo-ex
ited Si surfa
es.5.1. Ultrafast opti
al and ele
troni
 dynami
son a photo-ex
ited Si surfa
eThe observed 
omplex time- and �uen
e-dependentre�e
tivity dynami
s 
an be understood taking into a
-


ount that su
h a bipolar re�e
tivity modulation is re-lated to the transient EHP density variation, throughits basi
 intraband and interband 
ontributions to theODF [11�22℄. Spe
i�
ally, the observed re�e
tivitydip 
an be related to an opti
ally driven �insulator�
ondu
tor� transition in semi
ondu
tors, when the bulkEHP frequen
y passes through the probing frequen
y,with a subsequent re�e
tivity in
rease for strongerionized materials through their intraband ele
troni
transitions [16�22℄. Additionally, for sili
on [12; 15℄and other materials [11; 13; 14℄, the same re�e
tivitytrends 
an be related to a strong prompt EHP-drivenisotropi
 renormalization of their dire
t bandgap byÆEG;e = EG;0 � E�G, resulting in a drasti
 enhan
e-ment of the interband transitions. Su
h basi
 
onsider-ation of the EHP dynami
s envisions the demonstratedprobe re�e
tivity 
hanges and enables the assignmentof absolute �t values (see the details below).During the fs-laser photoex
itation of a sili
on sur-fa
e, its transient ODF "� 
an be written as a fun
tionof �eh as a sum of interband- and intraband-transitionbased terms [14; 15; 19℄"�(!; �eh) = "IB(!�)�1� �eh�bf ��� !2pl(�eh)!2 + 1=�e(�eh)2 �1� i!�e(�eh)� ; (3)where the prompt �eh-dependent bandgap shrinkage ef-fe
t on the interband transitions is a

ounted by thespe
tral ODF dependen
e with the e�e
tive photon fre-quen
y !� = ![1+��eh=�bgr℄. Here, the 
hara
teristi
renormalization EHP density is �bgr � 1 � 1022 
m�3[15℄, typi
ally about 5% of the total valen
e ele
trondensity (approximately 2 � 1023 
m�3 in Si) to providethe ultimate 50% ele
troni
 dire
t bandgap renormal-ization [10℄, i. e., � � 1:7 eV of the e�e
tive mini-mal gap of about 3.4 eV in sili
on [5; 51℄, while �bf isthe 
hara
teristi
 band 
apa
ity of the spe
i�
 photo-ex
ited regions of the �rst Brillouine zone in the k-spa-
e (e. g., �bf (L) � 4 � 1021 
m�3 for L-valleys and�bf (X) � 4:5 � 1022 
m�3 for X-valleys in Si), af-fe
ting interband transitions via the band-�lling e�e
t[11; 14; 15; 18; 19℄. The bulk EHP frequen
y !pl is de-�ned as !2pl(�eh) = �ehe2"0"hf (�eh)m�opt(�eh) ; (4)where the e�e
tive opti
al (e�h pair) mass m�opt � 0:14[15; 17; 19; 20; 51℄ is a �eh-dependent quantity, vary-ing with the transient band �lling due to band dis-persion and with the bandgap renormalization [57℄.1104
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1 µm1 µm

1 µm1 µmFig. 5. SEM images of peripheral ripples around ablative 
raters on the sili
on surfa
e generated by 515 nm (a � 2:5 eV,F = 0:45 J/
m2, N = 3) and 1030 nm (b�d � 1:25 eV, F = 1 J/
m2, N = 30, 100, 300) fs-laser pulses, with the squaresshowing the 2D fast fourier transform spe
tra of the 
orresponding surfa
e spots in the light frames. The bilateral arrowsshow the laser polarization, while the unilateral ones indi
ate the surfa
e ripplesThe high-frequen
y ele
troni
 diele
tri
 
onstant "hfwas modeled in the form "hf (�eh) = 1 + "hf (0) �� exp(��eh=�s
r), where the s
reening density �s
r �� 1 � 1021 
m�3 was 
hosen to ensure that "hf ! 1in a dense EHP. The ele
troni
 damping time �e in adense EHP at the probe frequen
y !pr was taken, sim-ilarly to metals, in the random phase approximationto be proportional to the inverse bulk EHP frequen
y!�1pl [58℄:�e = 128E2F�2p3!pl 1 + exp(�~!pr=kBTe)(�kBTe)2 + (~!pr)2 ; (5)where EF � 1�2 eV is the e�e
tive Fermi-level quasi-energy for ele
trons and holes at �eh < 1 � 1022 
m�3,~ and kB are the redu
ed Plan
k and Boltzmann 
on-stants, and Te is the uni�ed EHP temperature, whi
his a weak fun
tion of �eh [24℄. In this paper, the lastrelation was evaluated for ~!pr > kBTe in the form�e(�eh) � 3 � 102= �!pl(�eh)(~!pr)2�, a

ounting formultiple 
arrier s
attering paths for three top valen
esubbands, and multiple L- and X-valleys in the lowest
ondu
tion band.

The �eh-dependent normal-in
iden
e probe re�e
-tivity R(�eh) 
al
ulated using a 
ommon Fresnel for-mula and a

ounting for all basi
 e�e
ts (bandgaprenormalization, band �lling, and the EHP s
reeningof the ion 
ore potential [11; 14; 15℄) �ts well the exper-imental re�e
tivity dependen
es R(F ) at �t = +0:2 ps(�e�e
tive� �t = +0:1 ps) in Fig. 2d, demonstratingthe 
hara
teristi
 initial dip and the subsequent rise.By 
ontrast, the separate intraband-transition (Drude)term presents a monotoni
ally de
reasing trend, whi
hreprodu
es well the experimental 
urve near the dip (ifthe EHP s
reening e�e
t is taken into a

ount), butfails to provide the subsequent re�e
tivity rise in thegiven range of �eh magnitudes. Likewise, the pureinterband-transition term, varying presumably in theform of �red spe
tral shifting� due to the prompt ele
-troni
 bandgap renormalization, provides unsatisfa
-tory �tting of the dip, if the related band �lling e�e
tis not a

ounted for at lower �eh. For example, theintermediate re�e
tivity maximum in Fig. 2d appearsat �eh � 1 � 1021 
m�3 � �bf (L) on the 
orrespond-ing model 
urve, resulting from the probing of the red-shifted L-valleys of the E1-band (
f. the re�e
tivity1105
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Fig. 6. Dependen
es of real ("1, 
ontinuous 
urve) andimaginary ("2, dashed 
urve) ODF 
omponents on �ehand F at the 400 nm probe wavelength, showing theirred spe
tral shifts a
ross the E1 and E2 bands due tothe ele
troni
 bandgap shrinkage on a photo-ex
ited Sisurfa
e. Inset: spe
tra of "1 and "2 for unex
ited Siare given for 
omparison, with the probe photon energyshown by the verti
al dotted linespe
trum R(~!) of sili
on in the inset in Fig. 2a), ifthe band-�lling e�e
t is negle
ted. Also, in the dipregion, the pure interband-transition term itself yieldsa very minor re�e
tivity depression to 0.485 (see theR(~!) 
urve), while the major depression 
omes fromthe Drude term enhan
ed by the EHP s
reening of ion�
ore potentials. Meanwhile, the subsequent re�e
tivityin
rease to 0.67 is related primarily to the �red spe
-tral shifting� e�e
t with the �nal re�e
tivity saturationmat
hing the UV re�e
tivity plateau for unex
ited Sia
ross the E2-band (
f. the R(~!) 
urve). But be
ausethe prompt ele
troni
 maximum bandgap renormaliza-tion is limited by 50% (i. e., by ÆEG;e � 1:7 eV), themaximum e�e
tive probe energy approa
hes 4.8 eV ex-a
tly at the beginning of the plateau. Then the sub-sequent expe
ted in
rease in �eh with F would sup-port not a larger ele
troni
 bandgap renormalizationbut even a lower one [10; 14℄ and the in
reasing Drude
ontribution. However, this is not the 
ase in our ex-periments (Fig. 2d), as is dis
ussed in terms of the EHPdynami
s below.The experimentally derived real and imaginaryODF 
omponents at the probe frequen
y as fun
tionsof �eh exhibited a monotoni
ally de
reasing negativereal part "1 and a monotoni
ally in
reasing imaginarypart "2 (Fig. 6). Su
h dropping "1 and rising "2 mag-nitudes represent 
hara
teristi
 �red-shift� 
hanges of

B = 0.77 ± 0.01

0.01 0.1 1

F, J/cm2

10
21

10
22

ρeh, cm−3

Fig. 7. �eh(F ) dependen
es a
quired from the re�e
-tivity measurements (dark 
ir
les) and numeri
al mod-eling (light 
ir
les), with the former 
urve revealing thesublinear trend (proportional to F 0:77�0:01) with thepower slope B = 0:77 � 0:01these quantities a
ross absorption bands in stronglyphoto-ex
ited semi
ondu
tors due to their prompt �eh-dependent bandgap renormalization [11�15℄, where thewell-known E1 and E2 bands of sili
on are prominent inFig. 6 (
f. the inset in Fig. 6). The reasonable �ttingof the experimental re�e
tivity data by means of thepresented model ODF allows applying it to ODF sim-ulations for strongly photo-ex
ited sili
on at other fs-laser wavelengths and 
al
ulating its surfa
e plasmon�polariton dispersion 
urves.Furthermore, the �tting results in Fig. 2d provide animportant relation between the magnitudes of �eh andF in the region 
overing the re�e
tivity dip and rise.When plotted as �eh(F ), this relation reveals a sublin-ear trend proportional to F 0:77�0:01 (Fig. 7), whi
h 
anbe understood by 
onsidering a simple kineti
 modelof the EHP dynami
s during the 100 fs laser pumppulse [14; 24℄��eh=�t � G (I(t))� 
(�eh)�3eh; (6)with the �rst intensity-dependent photo-ionizationterm and the se
ond nonlinear limiting Auger re-
ombination term (the 
oe�
ient 
 is a nonlinearfun
tion of �eh, rapidly in
reasing at �eh � �bgr[14℄), while the EHP ambipolar di�usion into bulkSi is negligible on the 100 fs pump pulse s
aleover the energy deposition depth of about 10�5 
m.First, there is a strong-ex
itation steady-state regimewith the dense EHP (�eh > 1021 
m�3) resultingfrom the 
ounterbalan
ed ionization and re
ombina-1106



ÆÝÒÔ, òîì 147, âûï. 6, 2015 Sili
on as a virtual plasmoni
 material : : :tion rates G(I(t)) � 
(�eh)�3eh. This yields the rela-tion �eh / F 2=3 at moderate �eh < �bgr in the 
ase ofthe interband two-photon absorption (TPA) pro
ess,whi
h is allowed for valen
e-to-
ondu
tion band tran-sitions by the 
orresponding sele
tion rules [35℄ andpredominates during EHP generation in sili
on in theIR and visible ranges [6; 18℄. Indeed, at the TW/
m2-level peak fs-laser intensities, the TPA-based absorp-tion with the TPA 
oe�
ient � � 1�10 
m/GW [6; 18℄be
omes mu
h stronger (�2 � 104�105 
m�1) than thetabulated indire
t single-photon absorption with the
oe�
ient �1ind � 103�104 
m�1) [5℄. Se
ond, there isa weak ex
itation unsteady-state regime, when almostunlimited TPA-based ionization pro
eeds during thelaser pulse, gradually in
reasing �eh. Hen
e, the exper-imentally observed exponent B � 0:77 > 2=3 may re-�e
t the transient 
onvolution of pure TPA (�eh / F 2)at the leading pump pulse front for �eh < 1021 
m�3with the steady-state Auger-re
ombination-limited ion-ization through TPA (�eh / F 2=3) for �eh > 1021 
m�3at later times. A similar fs-laser TPA ex
itation dy-nami
s in Si with a subsequent drasti
 rise in
rease inlinear absorption, 
orresponding to the E2-band, wasearlier observed in a transmission mode for sili
on-on-insulator samples at the 2 eV photon energy and lower(less than 1 TW/
m2) intensities [18℄.These experimental �nding are well supported bythe theoreti
al modeling results presented as transientionization/re
ombination rates and EHP density tran-sients in Figs. 8 and 9, using the derived TPA 
o-e�
ient �(800 nm) � 1:5 
m/GW, whi
h is reason-ably 
onsistent with the well-known low-intensity val-ues �(800 nm) � 2 
m/GW [6℄. At lower intensitiesIL < 1 TW/
m2 (F < 0:1 J/
m2), the 
al
ulated ratesindi
ate the negligible impa
t ionization and bandgaprenormalization e�e
ts with the overall TPA-based ion-ization rate slightly ex
eeding the Auger re
ombina-tion one (Fig. 8a,b ). In 
ontrast, at higher intensitiesIL > 5 TW/
m2 (F > 0:5 J/
m2), the BGR e�e
tvisibly promotes all these pro
esses (Fig. 8
,d ), withthe impa
t ionization rate signi�
antly in
reasing, butstill remaining negligible 
ompared to the TPA rate,while the 
orresponding Auger re
ombination rate in-
reases even more, tending to the TPA one. As a re-sult, the 
al
ulated magnitudes �eh vary sublinearly asfun
tions of IL (Figs. 7, 9), providing a pronoun
edBGR � 0:1�1 eV and the related BGR-indu
ed in-
rease in �eh at higher densities, more than 1021 
m�3(Fig. 9b,
,d ). Finally, the 
al
ulated density transientsdemonstrate slow variation in the maximum at thepump end (t � +0:5�L), with the steep pre
eding a

u-mulative EHP dynami
s and its more smooth su

eed-

ing relaxation dynami
s. This justi�es our 
hoi
e ofthe delay instant �t = +0:2 ps as the e�e
tive �pump-pulse end� for the a
quisition of the peak EHP densityat di�erent photoex
itation levels.Interestingly, the probing at the SH photon energyallows relating the observed saturation (�blea
hing�) ofthe interband L ! L transitions at the probe energy(Fig. 2d ) to the 
orresponding TPA-pumping at thefundamental photon energy. A

ording to the ele
-troni
 
apa
ity of about 4 � 1021 
m�3 of the four rel-evant L-valleys in Si [51℄, their band �lling simultane-ously provides a prompt isotropi
 bandgap renormal-ization by approximately 0.7 eV, spe
trally shifting theTPA pumping and SH probing a
ross the spe
tral E1-band to the red shoulder of the higher-energy E2 band,exa
tly as experimentally observed in the form of theprobe re�e
tivity rise and its plateau in Fig. 2d. In
omparison to these prompt ele
troni
 pro
esses, in-tervalley L�X transfer o

urs on a longer time s
ale(to about 180 fs [60℄), not dire
tly a�e
ting the photo-ex
itation of X-valleys.5.2. Relief ripples as imprints of instantaneousplasmon�polaritons on photo-ex
ited Sisurfa
esSurfa
e relief nanogratings (ripples) emerge on pho-to-ex
ited material surfa
es via multi-shot fs-laser pe-riodi
al lo
al ablation, o

urring at periodi
al maxi-ma of the deposited volume energy density in thesurfa
e layer (the �interferen
e� nanostru
turing me-
hanism [23; 52℄). In this me
hanism, energy den-sity maxima on a surfa
e result from 
onstru
tive in-terferen
e of a tangential 
omponent of a transversefs-laser ele
tri
 �eld and of a longitudinal surfa
eplasmon�polariton (SPP) ele
tri
 �eld, where the sur-fa
e plasmon�polaritoni
 wave is promptly ex
ited dur-ing the fs-laser pulses at the same frequen
y !, but ata di�erent wavenumber k = k1 + ik2 a

ounting forthe e�e
tive refra
tive index of the photo-ex
ited ma-terial surfa
e [42℄. Hen
e, the experimentally observedsurfa
e ripples represent permanent surfa
e imprints oftransient SPP waves and, hen
e, 
an be used to revealthe underlying SPP modes.To make su
h SPP identi�
ation possible, the modelODF in Eq. (3), a

ounting for the 
omplete set ofprompt ele
troni
 pro
esses with their basi
 parame-ters justi�ed by time-resolved re�e
tivity studies, wasused to simulate a number of dispersion relations ~!�k1(Fig. 10) for SPPs on fs-laser photo-ex
ited Si surfa
esat di�erent values �eh = (1�8) � 1021 
m�3.Here, the SPP dispersion relations ~!�k1; for pho-1107



P. A. Danilov, A. A. Ionin, S. I. Kudryashov et al. ÆÝÒÔ, òîì 147, âûï. 6, 2015
0.8

−0.5

Rates, 1034 cm−3 s−1

0.6

0.4

2.0

AR w/o BGRa

0 0.5 1.0 1.5−1.0

0.9

0.7

0.5

0.3

0.2

0.1

0

II w/o BGR
PI w/o BGR

AR w BGR
II w BGR

PI w BGR

−0.5 2.0

AR w/o BGRb

0 0.5 1.0 1.5−1.0

4.0

0

II w/o BGR
PI w/o BGR

AR w BGR
II w BGR

PI w BGR

3.5

3.0

2.5

2.0

1.5

1.0

0.5

Rates, 1034 cm−3 s−1

−0.5 2.0

AR w/o BGR

t/τL

c

0 0.5 1.0 1.5−1.0
0

II w/o BGR
PI w/o BGR

AR w BGR
II w BGR
PI w BGR

−0.5 2.0

AR w/o BGR

t/τL

d

0 0.5 1.0 1.5−1.0

4.0

0

II w/o BGR
PI w/o BGR

AR w BGR
II w BGR

PI w BGR

3.5

3.0

2.5

2.0

1.5

1.0

0.5

10

9

8

7

6

5

4

3

2

1Fig. 8. Cal
ulated transients of photo-ionization (PI), impa
t ionization (II), and Auger re
ombination (AR) rates for thelow-intensity weak-BGR regime at IL = 0:5 (a), 1 TW/
m2 (b ), medium-intensity, intermediately strong BGR regime at5 TW/
m2 (
), and high-intensity, strong BGR regime at 10 TW/
m2toex
ited sili
on were 
al
ulated using the 
ommonequation [23; 42; 52℄k = �r "�"+ � ; (7)where � is the inverse wavelength in va
uum, and " == "1+i"2 and � = �1+i�2 are the respe
tive frequen
y-dependent diele
tri
 fun
tions of the plasmon-a
tivemetalli
 (strongly photo-ex
ited sili
on) and ina
tivediele
tri
 (air) boundary media. In order to simulate
omplete SPP dispersion 
urves in the broad range ofODF variation depending on �eh and ~!, espe
ially, theregime j"1j < "2 des
ribing the surfa
e plasmon reso-nan
e (SPR) region of su
h dispersion 
urves (Fig. 10),whi
h is beyond the 
ommonly used approximationj"1j � "2 [42℄, full equations for SPP wave-ve
tor 
om-ponents were used in the very general form [43℄k1 = �r(1=2D)�A+pA2+B2 �; k2 = 2��2B2Dk1 ; (8)with [43℄

A = �1("21 + "22) + "1(�21 + �22);B = �2("21 + "22) + "2(�21 + �22);D = (�1 + "1)2 + (�2 + "2)2: (9)Additionally, the SPP ele
tri
 �eld attenuation 
oe�-
ient �, representing the real part of the SPP wave-ve
tor normal 
omponent inside the photo-ex
ited Si,was 
al
ulated as [43℄� = �s ("21 � "22)"1 + 2"1"22 + ("21 + "22)pD2D (10)and was used to evaluate spe
tral amplitudesof the ele
tri
 �eld lo
alization fa
tor L(~!) == �(~!)=�(~!pump), being normalized here to theattenuation 
oe�
ient at the pump energy ~!pump.The lo
alization fa
tor L(~!) indi
ates relative spe
-tral e�
ien
ies of the ele
tri
 �eld lo
alization onthe photo-ex
ited sili
on surfa
e, whi
h is highlyimportant for fs-laser surfa
e nanostru
turing in the�interferen
e� regime.The resulting dispersion 
urves in Fig. 10 in therange �eh = (1�8) � 1021 
m�3 demonstrate a mono-toni
 blue spe
tral shift (from the mid-IR to UV range)1108
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Fig. 9. Cal
ulated transients of the EHP density with the BGR e�e
t in
luded (dotted 
urve) or ex
luded (
ontinuous 
urve),and the dire
t bandgap EG at di�erent laser intensities IL = 0:5 (a), 1 (b ), 5 (
), 10 (d ) TW/
m2of their SPRs, appearing for ea
h given photon energyin a threshold-like manner, where the threshold 
ondi-tion 
an be written in terms of ODF as "1 = �1 for� = 1 in air [42℄. Ea
h SPR position 
orresponding tothe extreme (zone-edge) wave number k1 = maxfk1gtends to higher values k1 with in
reasing �eh (Fig. 10).The predi
ted ultimate values k1 at 1030 nm (ap-proximately 1:8 �m�1) and 744 nm (approximately2:15 �m�1) pump wavelengths are well 
onsistent withthe minimal nanoripple periods �1030;min � 0:55 �mand �744;min � 0:42 �m in Figs. 4 and 5 (
urves 3and 4 in Fig. 10), experimentally observed along theperiphery of the nanostru
tured surfa
e region, i. e.,at the very nanostru
turing threshold. Likewise, the
orresponding minimal values of k1, lying on the light
one line for the photo-ex
ited material (see the 
om-posite in
lined straight line in Fig. 10) and, hen
e, rep-resenting the longer-wavelength photoni
-like (polari-toni
) modes, are also in good agreement with the max-imal ripple periods about 1:0 �m at 1030 nm and about0:65 �m at 744 nm observed at higher laser �uen
es,i. e., under 
onditions of stronger photo-ex
itation. In-

deed, ea
h experimental data point in Fig. 10 represent-ing wavenumbers of surfa
e nanogratings at ea
h givenlaser photon energy ~! undermines its spe
i�
 photo-ex
itation 
onditions and should be 
hara
terized by itsindividual dispersion 
urve, whi
h resembles one of thepresent 
urves at similar photo-ex
itation 
onditions.Furthermore, the 
orresponding 
al
ulated SPR ampli-tude K = maxfk2g, 
hara
terizing the longitudinal at-tenuation 
oe�
ient (SPR Q-fa
tor), initially in
reaseswith �eh (Fig. 11), demonstrating mu
h stronger nar-row resonan
es for more dense EHP. Finally, the lo
al-ization fa
tor L(~!) exhibits the initial in
rease nearea
h SPR (Fig. 12), indi
ating the in
reasing e�
ien
yof fs-laser surfa
e nanostru
turing via the �interferen
e�me
hanism, whi
h is about one order of magnitudemore e�
ient in terms of a
ting ele
tri
 �elds if sur-fa
e plasmoni
 (SPR) rather than polaritoni
 modesare involved in su
h surfa
e nanostru
turing.However, all the abovementioned quantities varynonmonotoni
ally over the entire range �eh = (1�8) �� 1021 
m�3, eventually diminishing at higher �eh(Figs. 10�12). In parti
ular, the surfa
e plasmon reso-1109
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 SPR 
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teristi
s � the maximumwave numbers k1 (dark squares, left axis) andK (light
ir
les, right axis) � versus �eh (bottom axis) on aphoto-ex
ited Si surfa
e. The upper axis shows the 
or-responden
e between the surfa
e plasmon energy ~!spand �eh
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Fig. 12. Spe
tra of the normalized �eld lo
alizationfa
tor L for photo-ex
ited sili
on at �eh = 1, 2, 4, 6,7, 8 � 1021 
m�3, respe
tively shown by the 1, 2, 3,4, 5, and 6 
urves, with 
orresponding numbers indi-
ating their sharp surfa
e plasmon resonan
es. Surfa
eand bulk ele
tromagneti
 waves exist in the regions tothe left and to the right of the resonan
es, indi
atedby the numbers 1�6nan
es are very pronoun
ed only for ~! < 1:7 eV, sin
ethe 
riti
al photoex
itation with �eh > 6 � 1021 
m�3,whi
h is required to make the material plasmoni
, shiftsthese resonan
es toward the red shoulder of the ab-sorption E1 band in sili
on with its peak at 3.4 eV [5℄.This o

urs when su
h dense EHP provides a signi�-
ant prompt ele
troni
 bandgap renormalization (spe
-tral �red� shift) by ÆEG;e � ��eh=�bgr > 1 eV (where�=�bgr � 1:7 � 10�22 eV/
m3), making the a
tual pho-ton energy ~! � 1:7 eV larger by ÆEG;e and tuningthe resulting e�e
tive pump photon energy to 3.4 eVat the red shoulder of the absorption E1 band. Asa result of signi�
ant interband absorption within theband, SPRs of photo-ex
ited Si be
ome strongly broa-dened and damped (Fig. 10). Similarly, the lo
alizationfa
tor L(~!) and the SPR amplitude K drop signi�-
antly due to the in
reased interband absorption lossesat the E1 band (Figs. 11 and 12). Moreover, at higher~! > 1:7 eV, the prompt ele
troni
 bandgap renormal-ization owing to dense EHP shifts the SPR even deeperto the spe
tral region of strong interband absorption,related to the E1 and E2 bands of the material [5℄.Hen
e, the advantageous 
ontinuous sub-bandgap tun-ability of sili
on, as an example of other virtual plas-moni
 materials, in terms of simultaneous spe
tral SPR1110
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on as a virtual plasmoni
 material : : :tuning and ele
tri
 �eld lo
alization exhibits intrinsi
limits, related to intense above-gap interband absorp-tion losses.Importantly, during the 100 fs laser pump pulse,the highly e�
ient targeted SPR ex
itation on sili
onsurfa
es be
omes possible at a parti
ular pump pho-ton energy ~!las < 1:7 eV, when the temporal EHPdensity saturation o

urs in the Auger re
ombination-
ontrolled regime at the appropriate density level �eh(
f. Figs. 7 and 9), tuning the resonan
e to this par-ti
ular energy ~!las at the given peak laser intensity.This EHP density level is a threshold one for the pho-ton energy ~!las, sin
e SPP ex
itation is not possi-ble at lower magnitudes �eh, while higher values of �ehshift the resonan
e up, enabling photoex
itation of pre-sumably low-�eld, lower-k1 photoni
-like (polaritoni
)SPP modes (Fig. 10). In the latter 
ase, SPR ex
ita-tion may o

ur only for a short time, when the SPRis tuned a
ross the fs-laser bandwidth, i. e., the overallSPR ex
itation is not e�
ient 
ompared to the above-mentioned polaritoni
 modes.Surprisingly, despite the evident possibility of SPRex
itation during fs-laser surfa
e nanostru
turing, itsnonpropagating (!=k1 ! 0), strongly dissipative (highk2-amplitudes) 
hara
ter makes its use 
hallenging tofabri
ate regular surfa
e ripples, if su
h ex
itation o
-
urs on spontaneous surfa
e roughness. One 
an as-sume that multiple nanostru
tured domains shouldemerge on a sample surfa
e under SPR ex
itation 
on-ditions owing to multiple and 
haoti
 light s
attering
enters. Meanwhile, in Figs. 4 and 5 in this paper,we demonstrate multi-mi
ron regions 
overed by SPR-indu
ed surfa
e ripples, be
oming possible, apparently,due to other, nonlinear SPP ex
itation me
hanisms(e. g., due to fs-laser driven �opti
al roughness� [60℄).6. CONCLUSIONSIn 
on
lusion, prompt opti
al 
onstants of anfs-laser photo-ex
ited sili
on surfa
e and relatedele
tron�hole plasma dynami
s were experimentallya
quired by means of time-resolved opti
al re�e
tionmi
ros
opy and numeri
ally modeled using a quan-tum kineti
 approa
h. The gained knowledge of theprompt opti
al diele
tri
 fun
tion of the photo-ex
itedmaterial enabled simulating its SPP dispersion 
urvesat di�erent ele
tron�hole plasma densities, predi
tingnonmonotoni
 tunability, and positions and amplitudesof their surfa
e plasmon resonan
es in the sub-bandgapspe
tral range. These theoreti
al results are supportedby dire
t experimental multi-
olor mapping of thedispersion 
urves at several laser photon energies,a
hieved by measuring spatial periods of the 
orre-

sponding SPP-mediated surfa
e relief nanogratings.Vi
e versa, the gained ele
troni
 dynami
s and SPPdispersion 
urves indi
ate SPP modes favorable forfs-laser surfa
e nanostru
turing, and enlighten relatedpromising fabri
ation regimes.The authors a
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