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ABSTRACT 

Ultrafast bandgap photonics in mid-infrared is an exciting area of nonlinear photonics, which shows different ultrafast 
damage characteristics of solids compared to that in near-infrared fields. It allows periodic surface nano-structures 
formation in low bandgap materials like germanium. Ultrafast mid-infrared field interaction at 2 micron wavelength with 
non-linear photonic crystal results in generation of high efficiency harmonic generation upto sixth harmonic.  

Keywords: mid-infrared, ultrafast interaction, laser induced damage, laser induced periodic surface structure, non-linear 
photonic crystal, high harmonic generation, ionization of solid, plasmonics.  

1. INTRODUCTION
There has been a tremendous interest in studying femtosecond laser matter interaction in mid-infrared wavelength ranges, 
because of existence of many molecular resonances in 2-10 µm wavelength range [1], enhancement of electron 
ponderomotive energy at longer wavelengths due to λ2 scale, efficient generation of XUV attosecond pulses [2], imaging 
and detection of cancer and many other applications [3].  Mid-IR (will be referred to as MIR henceforth) femtosecond 
interaction with solids are interesting in their own right for several reasons.  For traditional insulators, the reduced 
individual photon energies at mid IR wavelengths should exhibit a transition from multiphoton to tunneling ionization, 
when compared to similar interactions with UV-VIS-near-IR femtosecond pulses. Semiconductors like Si and Ge become 
transparent ‘high band gap’ semiconductor at mid-IR wavelengths. With fluence near damage threshold, when sufficient 
electron population transfer into conduction band occurs and all insulators become metal-like, MIR frequencies present 
and interesting paradigm, i.e. much larger ponderomotive energies of electrons (compared with near-IR wavelengths) 
which may be very sensitive to alignment of laser polarization direction along different lattice axes of symmetry. 
Interaction of such excited electrons with lattice under strong MIR fields also led to high harmonic generation in solids, 
which will be discussed.  As a multiple pulse laser matter interaction phenomenon, laser induced Periodic Surface 
Structures (LIPSS) formation from near-IR to MIR wavelengths generation will be discussed, as LIPSS carry great 
importance in laser micro/nano machining, surface modification applications such as solar cells, wave guides, super 
hydrophobic surfaces, integrated optoelectrnic and optoplasmonic devices and many others [4].  The exact process of 
LIPSS generation is not completely understood [5]. Dynamics of the process is studied by us from femtosecond to 
nanosecond regime to properly understand how short lived surface field ripples can guide material movements at much 
longer timescale. 

1.1 New Paradigm 

MIR fields also offer a new paradigm for intense laser solid interaction from various aspects, as shown in Table 1: 
 Table 1. Ultrafast laser solid dynamics parameters in MIR wavelengths slightly above damage threshold intensity of silicon. 
Mass of electrons, me is assumed to be equal to its vacuum mass, for both Up and nc calculations. 

Intensity 5 x 1012 W/cm2, Silicon direct Eg = 3.4 eV 

Wavelength 
(nm) 

Photon 
Energy (eV) 

Keldysh param. ϒ = 
ω√(2Eg)/F 

Ponderomotive 
energy  Up (eV) 

Critical Density 
nc (cm-3) 

400 3.1 2.8 0.07 7 1021 

800 1.55 1.38 0.29 1.7 1021 
2000 0.61 0.55 1.8 3 1020 
4000 0.31 0.28 7.3 7 1019 
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At an intensity just above femtosecond laser induced damage threshold (LIDT) in Si [6], turning the laser wavelength knob 
to MIR affects ionization, electron dynamics and plasmon coupling simultaneously. Ionization/transition from valence to 
conduction band mechanism tend to shift from purely multi-photon, to tunneling regime (true for direct bandgap of 3.4 eV 
as well), as observed with the change in Keldysh parameter . Since the generation of ‘free’ electrons in solids affects 
many mechanisms from free carrier absorption (FCA), laser damage, supercontinuum generation to high harmonic 
generation, understanding photo-ionization mechanism becomes the first step in understanding all the ultrafast bandgap 
photonics (UBG) effects.  The fourth column of Table 1 shows that once electrons are in the conduction band, they would 
gain cycle average energy (ponderomotive energy, PE) in the laser field, which is proportional to λ2, and inversely 
proportional to electron effective mass, which shows that even for moderate intensities, at longer wavelengths, in materials 
with small optical effective mass (e.g. Si and Ge), electrons in conduction band will rapidly attain enough PE to overcome 
electron affinity and be free. This situation opens up to create additional complexity for laser material interaction at oblique 
incidence with s and p polarization, where s polarization field excites electrons inside surface, in the case of p-polarization, 
a strong E field component exists normal to the surface to pull electrons out of solid and back into it, resembling 
vaccum/Brunel heating at ultrahigh intensities. Once the electrons are out of the solid, their effective mass is no longer 
dressed by crystal potentials, and this transition of electron effective mass at the boundary provides another complication 
in studying UBG effects at longer wavelengths. Finally, the fifth column describes how plasma critical density, 
proportional to meff/λ2, changes for longer wavelengths, which would allow plasmon coupling in longer wavelength [7] 
with high doping alone (e.g. in Ge). Plasmon coupling allows light fields to be coupled to subwavelength structures, micro-
electronic circuits directly, and could be a gamechanger for Lab-on-a-chip type architecture for long wavelength 
applications [8]. 

 

1.2 Experimental Challenges 
Strong field MIR studies pose unique challenges for an experimental program, as sources are still in developmental stages, 
optics, beam alignment and characterization tools are in their early stage, and very expensive. For example, traditional IR 
cards do not work beyond 1.7 um wavelength, camera prices range from $10 k - $70 k (whereas for NIR, even < $10 
webcam works), photodiodes, spectrometers etc. are also much more expensive than the VIS-NIR counterparts. High 
reflectors and high efficiency polarizers are also difficult to manufacture due to large λ/4 layer thickness.   

2. MIR MULTI-PULSE EFFECTS 
2.1 Multi-pulse damage  
Fig. 1 shows the measured LIDT at 3600 nm wavelength for 45 degree angle of incidence at p-polarization, as a function 
of pulse number for Ge, Si, sapphire, and CaF2, denoted by F(N), where N is the pulse number. LIDT values for sapphire 
and CaF2 could not be determined with less than 100 pulses due to limitations in the available pulse energy. All materials 
show a decreasing trend with the number of pulses, with Si and Ge converging to a constant value F() after approximately 
1000 pulses. This has been attributed to the accumulation of defects that allow for additional excitation with subsequent 

Figure 1 MIR multi-pulse damage threshold of different materials for 90 fs, 3600 nm pulses.
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laser shots [9], [10]. Sapphire and CaF2, however, continue to exhibit a decrease in LIDT even at F(104), whereas in 
previous works with Near IR pulses [11], multi-pulse damage fluence reach saturation around > F(100). This can possibly 
be attributed to the formation of self-trapped excitons (STE), a type of defect known to form in wide-gap dielectrics [10], 
and also multiple deep and shallow traps with long life time. Very high ponderomotive energy available to conduction 
electrons in MIR multi-pulse interaction may also play a differentiating role, which has not been explored. What is also 
different from previous work is that whereas, Mero et al. reported F()/F(1) = 0.67 for large bandgap oxides for NIR multi-
pulse damage thresholds, in MIR, we observe F()/F(1) = 0.33 for Si, and 0.25 for Ge for similar band gap and photon 
energy ratios in [10]. 

Additionally, the LIDT scales with the band-gap of the material, with the low band-gap semiconductors (0.67 and 1.12 eV 
for Ge and Si, respectively) exhibiting much lower LIDT compared to the dielectrics (9.9 and 12 eV for sapphire and CaF2, 
respectively). This is because a sufficient conduction band electron density is needed in order for damage to occur, at 
which point the material will rapidly absorb laser energy [12]. In case of Si and Ge (especially Ge) ~1013 or larger free 
carriers already exist in room temperature, which do not need photo-induced transition into conduction band, but can 
instantaneously absorb laser energy, and allow collisional ionization to significantly add to electron density apart from 
photoionization. With a larger band-gap, free-carriers are negligible in undamaged sapphire or CaF2, higher intensities are 
needed to achieve the same ionization rate because a greater number of photons are (30 and 37, respectively) needed to 
excite a single electron to the conduction band, rendering ionization process in the tunneling regime.  

2.2 Laser Induced Periodic Surface Structures (LIPSS) in MIR 
Femtosecond LIPSS is a single-step process of multiple femtosecond laser pulses interacting with solid surfaces that allows 
creation of ordered nano to micro structures on surfaces on virtually any materials, metals, insulators or semiconductors, 
have shown much promise in a wide range of applications, from super-hydrophobic surfaces to solar cells. Although LIPSS 
in CW/ns/fs regimes have been studied for over three decades, there has not been much efforts devoted to fs-MIR LIPSS 
formation [13]. The first systematic work on femtosecond MIR (beyond 2400 nm) LIPSS was reported by Austin et. al. 
[14] revealing the formation of both low (spatial period,   /2) and high spatial frequency ( < /2) LIPSS (LSFL and 
HSFL, respectively) in germanium at 3000 and 3600 nm, generated by a KTA based 90 fs home-built optical parametric 
amplifier system (OPA) pumped by a kHz Ti:Sapphire system. Femtosecond MIR interaction can generate a wide range 
of periodic structures on semiconductors, as shown in Figures 2 and 3. Fig 2(a) shows various periodic structures formation 
on Ge, where central LSFL ( ≈ 2 um) formation is due to backward-propagating surface plasmon coupling with the 
incoming laser pulses, as explained in [14]. HSFL grooves parallel to laser polarization direction also formed in the 
periphery (period≈500 nm) after exposure to 3.6 um wavelength pulses. These are thought to form via a surface scattering 
process [15], where initial laser pulses roughen the surface, which then act as scatterers for next laser pulses. The scattered 
light along the surface interfere with the incoming light to create a spatially dependent field intensification pattern that can 
be expressed in terms of an efficacy factor (k) as a function of spatial frequency k. The LIPSS spatial frequency typically 
is represented by peaks in the efficacy curve. Typically, the spatial wavelength of HSFL can be represented by following 
equations, Λ = ఒ±ୱ୧୬ ఏ               (1) 
where eq. (1) represents interaction non-normal incidence angle where laser k|| (parallel to surface) and scattered wave 
vector are collinear, with angle of incidence , and n being the index of refraction of the material. With index of Ge being 
~4 at MIR wavelengths, the HSFL frequency (~500 nm, / ~ 7.2) doesn’t match this simple analysis. It turns out that the 
index of refraction has to be modified due to the excited dielectric function of the solid interacting with the laser pulses, 
taking into account of the presence of free electrons, collisional contributions and Kerr effect as well. Still, only a class of 
HSFLs generated from MIR interactions can be explained this way. Fig. 2(b) shows HSFL ( ≈ 200 nm) perpendicular to 
laser polarization formed on Si with 800 nm wavelength pulses. However, such structures were not observed on silicon at 
MIR wavelengths, regardless of the fluence used. Instead, a series of thin grooves were observed to form parallel to the 
laser polarization (Fig. 3). After exposure to 100 pulses with a wavelength of 3.6 um, these grooves were found to have a 
separation of approximately 700 nm. In addition, the width of these structures was found to be approximately 100 nm, 
substantially shorter than the short pulse wavelength (λ/36). These are one of the smallest sub-wavelength scale grooves 
ever observed. Efforts are under way to analyze how these grooves form, and whether they are influenced by orientation 
of Si crystal with respect to the laser polarization or not. 
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3. HHG FROM MIR INTERACTION WITH PHOTONIC CRYSTALS 
Photonic crystals such as periodically-poled lithium-niobate (PPLN) are known to have the ability to generate nonlinear 
conversion through quasi-phase-matching [16], but by deviating from a simple 1-D periodic poling allowed us to 
experimentally simultaneously generate harmonics up to 6th order. Specifically, we used a LN crystal with a 2-D fractal 
superlattice poling structure [17], where the idea behind the fractal geometry was to create a poling pattern with geometric 
order/symmetry, while simultaneously expanding the number of spectral pathways for harmonic conversion. Femtosecond 
pulses at 2.05 um central wavelength were weakly focused (2ݓ~200um, ~90fs, 40 uJ) into the crystal along the plane 
of its 2-D lattice, and a spectrum of harmonics from 2nd-6th were generated. The lack of harmonics beyond the 6th harmonic 
is likely due to single-photon absorption the 7th harmonic, for which the photon energy exceeds the intrinsic bandgap of 
LN.   

The harmonics from this interaction formed a very complex beam structure, and the Fig. 4 shows the visual appearance of 
the beam incident upon a white piece of paper. The large angular divergence in the horizontal plane arises from the varied 
non-collinear harmonic pathways available from the 2-D lattice structure, and in this broad divergence one can discern 

Figure 2 (a) MIR femtosecond laser pulse induced periodic structures on Ge, generated by 1000 pulses with 90 fs pulsewidth 
incident at 45 degree with p-polarization at 3600 nm wavelength, with ~4J/cm2 fluence. LSFL formation seen is oriented 
perpendicular to laser polarization. (b) HSFL generation on Si with 1000 NIR laser pulses at 1 J/cm2 fluence with 800 nm, 30 fs 
at 45 degree angle of incidence with p-polarization. HSFL orientation is perpendicular to laser polarization. 

(a) (b) 

Figure 3 MIR femtosecond sub-wavelength structure formation in Si. Figure on right shows a magnified region wtih 100 nm 
trench-like formation generated from 1000 pulses at 0.5 J/cm2 fluence at 3600 nm wavelength.  
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several peaks other than the central bright peak. In principle, a different 2-D lattice could be designed which engineers 
specific harmonics to be generated simultaneously along particular directions. 

Conversion efficiency was measured by using a concave metal mirror to collect the total output harmonics onto an energy 
meter, then a series of spectral filters and spectrometers was used to measure the relative efficiencies.   This resulted in a 
total harmonic yield of at least 11%, and as high as 16% for non-saturating fundamental intensities. An example spectrum 
of harmonics 3-6 is shown in Fig.5.  

4. SUMMARY 
In summary, strong field MIR interaction with regular and engineered solids provides an exciting new paradigm for non-
linear optics and photonics, which can potentially be used in a large range of applications. When compared to strong field 
near-IR solid interaction, these interactions may induce traditional low bandgap materials to behave like high bandgap 
material with a significant free carrier density, modify interband transition from multi-photon into tunneling regime, and 
change the surface electron dynamics to usher in novel surface engineering avenues. Strong MIR fields applied to non-
linear photonic crystals would allow creation of high harmonics from MIR to visible with tailor made angular emission 
and high efficiency for wide ranging appications in future. 
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Figure 4 (a) Visual appearance of the beam of generated harmonics incident upon a (curved) white piece of paper. The greenish-
blue dominant appearance is consistent with the 4th harmonic (510 nm), while other harmonics are on the edge or outside of the 
visible spectrum (2.05 um, 1.02 um, 0.68 um, 0.41 um, 0.34 um). (b) The Sierpinski super-lattice structure of the NPC under a 
microscope. 
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Figure 5 Spectrum of harmonics 3-6. The multi-peaked structure of the 4th and 5th harmonics is due to the presence of multiple 
nonlinear conversion pathways available within the bandwidth of the harmonic. 
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