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Abstract: We report studies of multiphoton mechanisms ofsiplan

excitation and their influence on the femtosecaskti induced sub-
wavelength ripple generation in large-bandgap dige and

semiconducting transparent materials. An extended® Sipe formalism is
applied to quantitatively estimate the real parttlod dielectric function
which is dependent on the carrier density. Therthéoable to predict the
ripple periods for selected materials in good amer® with the

experimental observations. Possible limitationgesyy small spatial periods
are also discussed.
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1. Introduction

Laser-induced periodic surface structures (LIPSfgn referred to as ripples, were first
reported by Birnbaum in 1964%] who found regular micron-scale gratings on lasediated



semiconductor surfaces. From this time, the phemomeof self-organized structure
formation was observed on surfaces of various kimfdsolid materials such as met§y,
semiconductor$3,4], dielectrics[5], ceramicg6,7], and polymerg7,8]. The laser-material
interaction giving rise to these effects requieesel pulses of appropriate energy, intensity and
wavelength and depends on the number of pulsese pdliration and shape, repetition
frequency and the polarization state of the laseld.f Taking into account their typical
dimensions, two main types of ripples are distisbad in the literature. The first type are the
so-calledwavelength ripplesr low spatial frequency LIPSS (LSFL) with spati@riods close

to the laser wavelength. To explain the formatibnigple periods near the laser wavelength,
a theoretical description on the basis of the atoih of an electromagnetic surface wave
interfering with the light field was given by Sip@d co-workerg9]. This model enables an
interpretation of the elements of the physical acenin the very initial stage of the process.
In this picture, random scatterers act as dip@e discillators which are intrinsically sensitive
to polarization. The distances between the scatene related to a statistical distribution of
spatial frequencies providing components whichilfiffe k-vector dispersion condition for
the excitation of the surface plasma wave. Thetiplaat the points of maximum intensity
leads to the amplification of scattering and therélased scattering itself increases the degree
of order with increasing numbers of pulses in atpesfeedback process. The interference of
the surface wave with the incoming light generatgeeriodically enhanced excitation of the
material and the progressive ablation process l@ageating-like structures.

With intense femtosecond laser pulses, howelerappearance stib-wavelength ripples
(high spatial frequenciIPSS or HSFL) with significantly smaller spatiaénpds down to
values far below the light wavelength was obserfi@dmany kinds of materials. For near
infrared femtosecond laser pulses, the period ofi structures can be as small as a few tens
of nanometers.

By carefully adjusting laser parameters ikavelength, polarization, pulse duration, pulse
number or pulse fluence, the shape, size and atient of the structures created can be
controlled, as shown by a range of (mainly empiyistudies[10]. Because this method of
structuring is an easy-to-implement, low-cost, tmwvn method which is able to fabricate
periodic structures on the nanoscale without thphisticated multi-step processes and
ultrashort wavelengths needed for nano-lithograptyfFL has gained increasing attraction
for practical applications. In particular, emergfiglds of nanotechnology and photonics such
as surface enhanced Raman spectroscopy (SERS)3], colorization of metal§14,15],
incandescent light sourcfs], tribology[17], photoelectron emissidi8], photovoltaic cells
[19], optical memorie§20], hydrophobicity control of surfacg®1], and light emitting diodes
[22] can benefit from significantly enhanced devicaecehcies by the use of this structuring
method.

Up to now, the fundamental mechanisms of ripptegr formation are completely
understood. Specifically, the different contribmsoof material transport and self-trapped
excitons and plasmons as well as long-term effdikis energy deposition or defect
accumulation, the influence of second harmonic gimn and the relationship between
surface and volume structures are still the subpéatontroversial discussions. Therefore,
improved theoretical models are needed to enaldgstematic tailoring of the structures,
especially if translation to scalable industriabgesses is ultimately envisaged. An increasing
number of publications indicate the key role of face plasmon-polaritons (SPPs) in
ultrashort-pulse laser induced self-organized nancsiring. SPPs are a particular kind of
surface plasma wave, as describedQin where light-induced carriers are coupled with the
incident radiation field. The analysis of the infiic length scales of SPPFA3] in the high-
intensity regime, i.e., in the presence of sigaificnonlinear optical effects, is of considerable
practical interest because of its close relatigngbi the important question of minimum
possible feature sizes in nanostructuring.

As we will show in this paper, an extendedotleéical model enables us to define
conditions for a continuous transfer between LSRH BISFL and thus to study the material
dependent scaling of nanostructure periods asdaifumof fluence. The excitation of SPPs on
metal oxides will be analyzed in detail for the e&asf ZnO. The results of numerical
simulations will be compared to experiments witltused Ti:sapphire laser pulses. The



stability conditions of the different regimes alsoaconsidered and limiting factors for the
generation of the very highest spatial frequenaresdiscussed.

2. Surface plasmon-polaritons and ripple periods

Collective charge oscillations at the boundary leetvan insulating dielectric medium (such

as air or glass) and a metal (such as gold, siveopper) are able to sustain the propagation
of infrared or visible SPP-type electromagnetic @avSPPs are guided along such metal-
dielectric interfaces, with the unique charactérssbf a sub wavelength-scale confinement
perpendicular to the interface. The vector equatigoverning the resonant excitation of SPPs
in a grating structure are

G=k —ks (1)
N=2r|G[* (2a)
L=2n |k [t (2b)
Jo= 2n ks (2c)

where /1 is the spatial grating periodzi is the wave vector of the incident IigHiS is the
wave vector for the SPP propagatidnjs the wavelength of the SPPRjs the wavelength of

the incident light and is the difference of thi-vectors for the incident light and the SPP.
From Egs. (2a)-(2¢) for the case of matching the SPP excitation d@rdi the generated
period can be shown to be

A= # 3)

iisin@
j"S

where@is the angle of incidence. At normal incidenée=(0), Eq. (3)reduces to the form
AN =)s 4)

where the LIPSS period equals the wavelength oetuited SPP. Thus, one way to predict
the LIPSS period is to determine the wavelengtthefSPP. This SPP wavelength is given by

v+ 1/2
15:1(8 . ng (5)

€ &g

where/ is the optical wavelengtlg, is the dielectric function of the insulating medihere:
approximately 1 for air) and is the real part of the dielectric function oktmetal (which is

< 0). For large bandgap semiconductors and diglscte > O at optical frequencies and
hence the material can not support SPP under ligeatation at low intensities. SPPs can be
generated in such materials, however, via efficienftiphoton excitation with ultrashort,
intense pulses providing the carriers requirechtiuce a transient metallic state. We propose
that the coherently oscillating generated carrieesite interference patterns after selecting the
resonant spatial frequencies in a polarization-ddpet feedback loop driven by scattering, as
described in the Sipe model mentioned previo[@]\Fig. 1). Near the ablation threshold, the
field enhanced photoelectron emission leaves pieabdninima of the electron density (via
avalanche ionization) causing a Coulomb explosibthe highly positively charged lattice
ions and hence material removal (nonthermal aliafizs-27].



This hypothesis, of the essential central oution by SPPs to the ripple formation
process, is supported by spectrally and angulalgctve experiments with metal gratings
[28,29] as well as by the observation of spatial correfetiof isolated ripples in sapphire at a
fluence close to the ablation thresh[3a].

Laser Interference Ablation

\/
Ps <
@ ®

LIPSS

(c)

SP

Fig. 1: Schematic diagrams showing the proposed modehef3PP-based process of LIPSS
generation: (a) Below-bandgap excitation of a dieie material via multiphoton absorption of

femtosecond laser pulses and coupling of energy odunter-propagating surface plasmon-
polaritons (self-organized k-vector matching viaufer components of random scatterers and
feedback according to the Sipe thef8}), (b) interference of SPPs and light with periddgending

on transient index changes, (c) spatially modulgtedtoelectron generation leads to spatially
varying ablation and thus results in grating-lik€ &S structures.

3. Drude model with multiphoton excitation

The below-bandgap excitation of free carriers ansparent dielectric materials is enabled at
high intensities where multiphoton absorption dosigs and leads to a metal-like behavior. In
this caseg’ can be written af26,31]

2
w

£=Rde———2— (6)
w(w+i1)

where ¢ is the dielectric function of unexcited material (i.e.taut laser induced free

electrons)/" is the electron collision frequency, angis the plasma frequency. The plasma

frequency depends on the carrier denNityas follows:
2

e N,

meff‘c"o

602=

()

where my is the effective mass of the carriers. If the pflaknce and the order of the
absorption process (which is responsible for the generation of treefcarriers) are known,
the variation ofN. can also be estimated for dielectrics or insutatéior the generalized case
of an absorption process mi" order,N, can be found by the expression

a, F"(1-R)"

N —
m— ]2 —1 8

Cc

where a, is the m" order absorption coefficient. The validity of théommentioned
generalized equation for the specific casesief 1 and 2 can be verified by comparison with
earlier reported work31,32] It should also be noted that avalanche and Ategaymbination
processes can affect the carrier density in themgértase. However, for the short pulses of



durations ~100 fs used in our experiments, the dantimechanism controlling the carrier
density is multiphoton absorptidB3]. Therefore, these other effects were not consitgre
the model, in order to reduce the computational glerity while maintaining the key
physical processes. Furthermore we also note tihdéruexcitation conditions consisting of a
broadband wavelength spectrum and/or a large angpégtrum (as is typical for focused nJ-
range few-cycle laser oscillators), one expectsversg excitation channels with different
values ofm to contribute to carrier generation. In case n©Zwith a bandgap of ~3.4 eV)
and a Ti:sapphire laser oscillator with spectranponents between 650 nm and 950 nm
(corresponding to photon energies between and Ad3120 eV) this exponent may have
values betweem = 2 andm = 3. Under the conditions of an amplified lasethwa pulse
duration of about 100 fs, used in this work, thadwidth is < 10 nm and we have takar

3. Lastly, we note that in the most general casectirrier density and thus the reflectivigy,
undergo a dynamic evolution, and thus the paranitar Eq. (8) should vary in time.
However, our work uses fluence values close taddraage threshold. In this fluence regime,
the critical density is not produced until latetre pulse and thus only the very last part of the
laser pulse will experience any strong reflectionsuch cases of (close to) damage threshold
fluences, the measured and calculated valugshafve indeed been found to be low (close to
unexcited value) in literature reports, stronglpporting our use of the (constant) unexcited
value of the dielectric constant (giving a constaitectivity value,R = 0.3) in our model.
Please refer t&ig. 4 below and the related description by Pearral. in ref.[33]. With these
assumptions one can theoretically predict the pgeriaf the ripples on the basis Bfis. (3)-
(8), as will be shown in the following section.

4. Theoretical results

Typical damage thresholds of dielectric materiaisespond to values of. between 18 and
10°%cm?® [34]. The variation of the real part of the dielectiimction & of ZnO for carrier
densities between 2 x #@m?® and 1.5 x 1& cm? is shown irFig. 2

0 T T T T T T T

Real part dielectric function
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Fig. 2: Real part of the dielectric function of ZnO as adtion of the carrier density. The calculation
was performed usinggs. (6) and (7)

The curve was obtained usiriggs. (6)and (7). The values ofmes and I” for ZnO were
assumed to be 0.27 and 1 x°1Biz, using data from ref35]. To enable the existence of
SPPs, the real part of the dielectric function nraach negative values. As one can see from
Fig. 2 this condition is fulfilled for realistic valuesf carrier densities. Thus, the initially
semiconducting material can temporally turn to datfie state. This transient metal supports
the excitation of SPPs with an oscillation waveténgiven byEq. (5) In the femtosecond
laser field, the average carrier density follows gulse envelope of the pulse. This leads to a
fluence-dependent magnitude of the real part ofdieéectric function and a varying SPP
wavelength As). The calculated variation of the SPP period il carrier density according
to Egs. (5)-(7)is plotted inFig. 3. The different slopes of the curve at low and higirier
densities indicate two distinctly different regionsith lower and higher stability
corresponding to HSFL and LSFL, respectively. e HSFL region the slope is very large



indicating a very rapid variation of the the ripperiod with the fluence. On the other hand
for the LSFL region the slope is negligible indingta very small variation of the ripple
period with the fluence. For practical reasons iuseful to express this dependence in terms
of the laser fluence instead of the carrier densg@gause this enables a direct comparison of
our theoretical predictions and experimental figdinThe relationship of carrier density to
fluence for ZnO assuming a three-photon absorgtios 3) and a FWHM pulse duration tf
=130 fs is shown ifrig. 4.1n accordance with data in the literature, theugalf a; was taken

to be0.01 cr/GW?[36].
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Fig. 3: Theoretically predicted SPP wavelength of ZnO dsretion of the carrier density. The
calculation was performed usifg)s. (5)-(7)
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Fig. 4: Variation of the carrier density with the fluerfoe ZnO usinggg. (10.

The value of fluence variation was assumed to B&-0.6 J/cri corresponding to the fluence
interval for which a distinct LIPSS formation wagperimentally demonstrated on ZnO with
femtosecond pulses at 800 riB¥]. Fig. 4 confirms the range o, for material damage
consistent with reports in the literatuf@6]. The corresponding theoretical fluence
dependencies & and/As are shown irFigs. 5and6, respectively.
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Fig. 5: Theoretically predicted variation of the real pdrbf the dielectric function with increasing
fluence for ZnO.

In conjunction withFig. 2, the data inFig. 5 gives direct evidence of the feasibility of
achieving negative values af due to the excitation of the material in the fige region
where the ripple formation is obtained in the cafsSénO.

The theoretically simulated physical contamtFig. 6 (solid line) is identical with that
shown inFig. 3 The fluence-dependent predicted SPP periods, \ewean be directly
compared to the experimentally measured nanosteigieriods. Two extreme cases, for
small and high fluence values, appear which comedpo the HSFL and LSFL, respectively.
Furthermore, the stability (i.e. the dependencesmiall fluctuations of the fluence or other
distortions) is significantly different for bothgi®ns. Specifically we note that, the transition
between the extreme cases predicted by this thisocpntinuous (and does not display a
bifurcation).

goo [
700 |
600 |
500 |
400 |
300
200 |
100 |

SPP wavelength/Ripple period (nm)

0.50 0.55 0.60

0.40 0.45

Fluence (J/cmz)

Fig. 6: Variation of the SPP wavelength as a functionlwdrice for ZnO (blue solid curve). Two distinct
regions can be identified which correspond to H&RH LSFL. The transition between HSFL and LSFL
regions is continuous. The red squares and errsrdmirespond to experimental data and are disguisse
section 5.

5. Experimental results

In order to verify the theoretical predictions abplzZIPSS formation on crystalline bulk ZnO



(hydrothermally grown crystals, obtained from Tokpenpa Ltd and Crystal GmbH) were
studied with an amplified Ti:sapphire laser systdgtivering linearly polarized pulses with a
duration of 130 fs at a central wavelength of 860and a spectral FWHM bandwidth of < 10
nm. Two sets of experiments were performed withtljgand loosely focused beams /e
waists: 16 and 66 um, respectively) at approxingatelrmal incidence (maximum incident
angle: < 2°). To ensure the data comparability,eafperiments were done with equal pulse
numbers K = 10). The nanostructures were characterized wittield-emission scanning
electron microscope (FE-SEM; JEOL JSM 64-00F). Bseaof the spatial variation of the
laser intensity, the spatial frequency spectrumtbdzk analyzed in a locally resolved manner.
To improve the accuracy, in some cases (e.g. ddt&i 6), we compared two methods: (a) a
Fourier analysis of small sections, and (b) avedageal profiles. The agreement between
both analyses was very good (within a few percdrit® ZnO crystal surface termination was
c-plane (i.e., with a minimum second harmonic geti@neefficiency at normal incidend88]

in contrast ta-plane material).

From the experiment set #1, the LSFL periadthe centers of the laser irradiated spots
were determined from SEM images, as showRigs. 7a-d The experimental results shown
in Fig 6 as the scattered points, were found teegell with the theoretically estimated SPP
wavelengths. Furthermore, it is important to ntia t(as predicted by the theory) the periods
were found to be quite insensitive to the intensitthe LSFL regime.

F=0.54J/cm?

Tt
T

0.50J/cm?

F=0.45J/cm?

(d)

Fig. 7: Scanning electron microscope (SEM) images of LIBEZnO obtained at different peak
fluences of a Ti:sapphire laser, (a) 0.54 3/fm) 0.50 J/crh (c) 0.48 J/crh (d) 0.45 J/crh(pulse
duration 130 fs, center wavelength 800 nm, LIPS8ctibn perpendicular to the polarization vector
which is indicated by the white double arrow). Tt®FL periods plotted as data pointsHig. 6
were determined from the regions at the centetiseo§reen circles.

From the theoretical curve iig. 6one has to expect that in the relevant parametegyera
the period of ripples varies continuously with th&ensity. Experimental data in this range
suffers from large errors because of the high seitgiof this parameter to small fluence
variations (the derivation of SPP period of theefioe rises steeply toward the left part of the
curve inFig. 6). Therefore, the continuous and rapid transit@MSFL is demonstrated by
experiment set#2, exploiting the spatially variafiieence profile at the rim of the focused
Gaussian beamF{g. 8. The blue solid line in this figure demonstratbe theoretical
variation of the SPP wavelength as calculated ftbenspatially varying intensity profile of
the Gaussian beam. Excellent agreement was foundpeat very small fluence values at the
edges of the spot. Once again in the LSFL regienSPP period is oberved to be quite
insensitive to the fluence over a ~ 1@ range, while a very fast variation in SPP periad
seen in the HSFL region of a width ~#n. This striking radial dependence of the period
gives further compelling evidence in favour of BBP based model of the LIPSS formation



mechanism proposed above. It is also noteworthyotot out that, in contrast to our model,
theories explaining LIPSS formation based on sedmrthonic generation (SHG) predict that

the smallest period of subwavelength ripples shdadqual tode/2nsyc [40] whereAs and
nsyc are the wavelength of the fundamental and thecgfe index of the SHG contribution,
respectively.

Damage LSFL HSFL
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Fig. 8: (a) and (b): SEM images showing the continuoussttam from LSFL to HSFL for a
spatially varying fluence profile (with a Gaussiaeam focus), towards the edge of the laser spot
region. The image in (a) contains a damaged aneaspmnding to the highest fluence (> 0.82 3/cm
right), an extended area with slowly varying LSEErter) at medium fluence and HSFL in the low-
fluence outer part. The image in (b) below showsmlarged section of (a) measured at higher SEM
resolution. The fluence varies between 0.6 3fgight side) and about 0.37 J&(ieft side). Despite
some randomness, the radial variation of the pecend clearly be recognized (indicated by the
yellow lines in the horizontal black bar). The lesy periods were measured to be about 720 nm,
whereas the smallest periods are around 100 nrh éeihe variation in this region). The change of
period from the center towards the rim of the lag@ot is shown in (c), with indications given of
specific regions also shown in (a), and the thémbprediction is given by the solid blue line.

In [40] this was verified for SiC periods down to 90 nnur@heoretical results, however,
indicate that ripple periods in semiconductors @lettrics can reach significantly smaller
values thandg/2nsye This agrees with experimental results on graphitd diamond as
published by other groug25]. The smallest periods experimentally observed 0@ # this
work are about 100 nm (in the rim zoneFdf. 9. This value is much smaller than the value
of Ae/2ngye Which is about 177 nmAg = 800 nm andhsyg = 2.26[41]). Furthermore, in
contrast to the experiments reported46], no rotation of the LSFL relative to the HSFL is
observed under the conditions of the experimemsrted here. Concerning the rotation of
ripple orientation we believe that the SHG (whiek, we think, cannot be the only factor)
must play a significant role under certain circuanses, specifically concerning different
competing plasmon modes. This topic is currenttyghbject of further studies.

Finally we like to note that experiments weiso performed with other materials like
Al,Os. The intensity dependence behaviour of LIPSS im rtaterial was found to be similar
to the results we have reported above for ZnO. B@o et al. 2] reported on the generation
of both HSFL and LSFL in their experiments with,@4. They qualitatively attributed the
origin of HSFL in this as well as other large baaggnaterials to a multiphoton excitation of
carriers. Our quantitative model strongly suppthis hypothesis.

6. Conclusions

To conclude, the SPP-based origin of sub-wavelengtiples on dielectrics and

semiconductors like ZnO after irradiation with neafrared femtosecond pulses was
confirmed, based on the excellent agreement ofarg¢htical model describing this mechanism
with our experimental data. The results of simoladi and experiments indicate that the



generation of SPPs plays a major role in the mashmaf LIPSS formation. Multiphoton
absorption enables a below-bandgap excitationeaf ¢arriers and switches the real part of the
dielectric function temporally to negative values.

For the first time it has been demonstrateat,tm the fluence range near the damage
threshold for femtosecond-laser excitation, a diele material can indeed satisfy the
excitation condition for SPPs. It was shown thatdpatial frequencies of the plasmons which
directly determine the ripple periods are a functad the fluence-dependent density of free
carriers. At high fluence, the plasmon wavelengtpraximates the optical wavelength in a
stable regime, whereas very small periods and higtability are characteristic of the low
fluence regimg43]. The predicted behavior agrees well with the eérpental findings. In the
low-fluence regime, we observed HSFL periods dowi/8 of the wavelength.

The present simulation, using the idealizedasion of a time-averaged model, actually
predicts the formation of SPP periods down to eoréical value of zero a¥ = -1
corresponding to arbitrarily small periods. Howeutre reduced efficiency of multiphoton
excitation towards lower fluence, fluctuations ire tlaser parameters, the ablation threshold
and the structural features of the material suchroagihness are limiting factors for the
smallest possible periods in real experiments.

Future studies will needed to extend the tiiecal approach to ime-dependenbrude
theory. These studies will need to the additiomelsideration that the time dependent carrier
density generates a time-variant SPP period whschvieraged over the pulse during the
period above the ablation threshold. The possildetribution of a two-photon induced
bandgap shrinking is still under discussion andiireg highly selective experiments in the
time domain. In the calculations this effect colddd to a smaller effective nonlinear
exponent. The influence of previously existing tggppon the SPP dynamics with increasing
pulse numbers is also an interesting open question.
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