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The goal of creation of large-area deep sub-wavelength nanostructures by femtosecond laser

irradiation onto various materials is being hindered by the limited coherence length. Here, we report

solution of the problem by light field tailoring of the incident beam with a phase mask, which serves

generation of wavelets. Direct interference between the wavelets, here the first-order diffracted

beams, and interference between a wavelet and its induced waves such as surface plasmon polariton

are responsible for creation of microgratings and superimposed nanogratings, respectively. The

principle of wavelets interference enables extension of uniformly induced hybrid structures

containing deep sub-wavelength nanofeatures to macro-dimension. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4832878]

It is well-known that periodic micro-nanostructures can

be induced by a single laser beam onto the surface of various

materials such as metals, semiconductors, and transparent

media.1–3 The structure periods are generally of the order of

half the laser wavelength for continuous or nanosecond

pulsed laser irradiation as a result of interference between

the incident and scattered light.4 Furthermore, deep sub-

wavelength structures with period less than k/3 are achieva-

ble when femtosecond pulsed lasers are adopted.5 This is

attributed to interactions between the incident laser and the

induced surface waves such as SPP (surface plasmon polari-

ton) and SHG (second-harmonic generation).6–8 The produc-

tion of deep-subwavelength structures is attracting

significant research focus since it may provide an avenue

towards nanophotonic components and devices.9–13

However, a major obstacle toward this goal is the limit co-

herence length of femtosecond lasers, typically, 30 lm for a

100 fs, 800 nm wavelength beam.9,14 Consequently, deep-

subwavelength gratings are usually only observed at the bot-

tom of ablative pits and are limited to dimensions of only a

few tens of micrometers.1–8,15–17 For the purpose of rapid

fabrication of large-area deep subwavelength nanostructures,

here we report an approach using a phase mask to convert

the incident light field into periodic array of wavelets. Direct

interference ablation18,19 by the neighboring wavelets, aided

by a lateral mask scanning, leads to large-area uniform nano-

gratings that were spaced by micro-columns, i.e., hierarchi-

cal structures composing of sub-wavelength features.

Fig. 1(a) shows the schematic illustration of the femto-

second laser wavelet interference ablation system, for

which near infrared femtosecond laser pulses were attained

using a Ti:sapphire regenerative amplifier laser system

(Spectra Physics) operating at a wavelength of 800 nm as

usually utilized.20,21 The laser had a pulse duration of 100

femtoseconds and had a tunable repetition rate ranging

from 1 to 1000 Hz. The beam was focused using a cylindri-

cal lens, with a focal length f¼ 110 mm, through a silica

zero-order-nulled phase mask with a period K¼ 3.33 lm

onto the substrate. The beam was compressed by the cylin-

drical lens into a rectangular shape of 1 cm in length and

about 2–10 lm in width, and was diffracted into þ1 order

and �1 order. The space between the phase mask and focus

of the rectangular beam was about 3–5 mm. The substrate

was scanned at a optimized speed by a step motor con-

trolled by computer, which makes it possible to fabricate

large-area structures. The sample we utilized here is poly-

crystal ZnS (Zinc Sulfide, 3 mm thick, with surface rough-

ness less than 100 nm), from which typical structured

surfaces with rainbow colors are shown in Fig. 1(b). It took

less than 100 s to complete scanning of the 5 mm� 5 mm

area, and the pattern is found consisting of micro-nano hier-

archical structures as exhibited later in Fig. 3.

The rainbow patterns were produced by single femtosec-

ond laser beam scanning, and its formation mechanism may

be understood as follows. In the progress of femtosecond

laser interaction with materials, a widely accepted scenario

FIG. 1. Production of large-area hierarchical structure composed of deep-

subwavelength nanogratings. (a) Schematic of femtosecond laser interfer-

ence ablation through light field tailoring by a cylindrical lens and phase

mask interference. (b) Photography of a sample fabricated by femtosecond

laser interference ablation.
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for origination of periodic structures is the interference

between the incident femtosecond laser beam with the

excited surface waves. Regardless of SPP or SHG induced

by femtosecond laser,6–8 which is still controversial, it has

been experimentally observed that the laser power, repetition

rate, incident angle, and beam polarization are playing key

roles in determining the morphologies of the induced struc-

tures. The time scale of laser photon absorption by electrons

in materials, set by the laser pulse width, is several tens of

femtoseconds. Surface waves were launched in the mean-

time. Within this timeframe, photons in the excitation inten-

sity maximum of the wavelet interference fringes are

preferentially absorbed by electrons via multiphoton absorp-

tion mechanism,22 and then an avalanche of electron excita-

tion occurs due to a linear photon absorption by the seeded

electrons.23 With an appropriate light intensity chosen, the

ultimate matter pattern as shown in Figs. 1(b) and 3 should

be a faithful reflection of the transient light pattern of the

interference.

In the hierarchical structures, the first-level gratings

were reasonably attributed to the first order diffraction of

the phase mask. There is no particular reason to choose

the current parameters since the same interference princi-

ple is applicable to mask of different periods only if it is

larger than k/2. However, large-period mask helps to

increase the area of nanograting region, which is impor-

tant for nano-feature dominated applications. The nano-

structures, located inside the light intensity maximum

fringe where material is preferentially ablated, should be

resulted from the interference of the diffracted wavelets

and the induced waves. It is interesting to notice that

deep-subwavelength structures are not possibly fabricated

by a single shot laser pulse ablation, but sequential expo-

sures by more than one shot is critical. This implies the

vital role played by the seed structures produced in the

initial shot of irradiation, which tailor the ensuing light

field. SEM (scanning electron microscopic, JEOL JSM-

6700F) images (Fig. 2) demonstrate the evolution of sub-

wavelength nanostructures with accumulation of laser

pulses. For the current case, the scanning speed is 50 lm/s

parallel to the 1.67 lm micrograting direction, and the

focal point is 10 lm wide. When the repetition rate is set

to 10 Hz, there’s neither periodic structure nor

polarization-dependent ablation trace [Fig. 2(a)]. When

the repetition rate increases to 20 Hz, nanostructures

appear and they are randomly distributed in the ablated

area [Fig. 2(b)]. Periodicity of nanostructures becomes

visible at 50 Hz repetition rate [Fig. 2(c)]. The nanograt-

ings superimposed on the microgratings lead to hiearchi-

cal structures. Here, incident laser energy is kept at

1 mJ/cm2.

The period of nanogratings is around 210 nm, which

changes a little with the laser pulse energy. In this course, the

duty ratio of nanograting area in one cycle is more apparently

tuned (Fig. 3). For a typical low power, i.e., 0.16 mJ/cm2 meas-

ured before cylindrical lens, near the ablation threshold, width

of nanograting area is about 0.3 of the entire micrograting

region of period of 1.67 lm. When the power reaches

0.3 mJ/cm2, the ratio increases to 0.7. When the power is tuned

to as high as 1 mJ/cm2, the ratio is higher than 0.9, meaning

that nanogratings extend to almost the entire laser-irradiated

area.

Not only the nanograting duty ratio in the hierarchical

structures but also the orientation of nanogratings relative to

the micrograting is freely adjustable by choosing different

incident beam polarizations. The nanogratings fabricated

under pulse energy of 0.2 mJ/cm2 and scanning speed of

100 lm/s are parallel, 45�-tilt, and perpendicular to the

microgratings (Fig. 4). It should be mentioned that the nature

of the induced wave is not investigated deeply in the current

research since it is still a long-term-debate hot topic in ultra-

fast laser-matter interaction physics.1,6,24–27 However, the

straightforward polarization dependent nanograting orienta-

tions on the laser pulse energy tend to support the SPP

model. Localized SPP modes may be launched upon genera-

tion of free electrons as a result of the strong femtosecond

laser irradiation. The SPP mode in the seed nanostructures

responds to external light-field excitation following its

polarization.

Period of about 210 nm can be explained by the Drude-like

mode. Dielectric constant e* of the plasma is determined by the

largely occupied valence bands (n0¼ 1� 1023 cm�3) and the

free-carrier response of excited electrons,28,29

FIG. 2. Scanning electron micrograph

of nanostructures with different laser

repetition rates when the laser focus

was scanned relative to the mask gra-

ting direction. (50 lm/s, vertical

direction in this figure, and laser pulse

energy of 1 mJ/cm2). (a) 10 Hz, (b)

20 Hz, and (c) 50 Hz.

FIG. 3. Duty ratio of nanograting area in the entire micrograting region

versus the pulse energy. The repetition rate is 1000 Hz.
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Considering the environment is air, the effective dielectric

constant e is

1

e
¼ 1
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1

es
; also n ¼

ffiffi
e
p
: (3)

Period of SPP is defined as

Ksp ¼
2p
ksp
; while Ksp ¼

w

c=n
¼ ksp þ iIsp: (4)

Period of structures K is half of SPP for the same effect

of the massive excitation of electrons and the corresponding

holes just as equation.

K ¼ Ksp=2: (5)

Curve of structure period dependence on excited elec-

trons density was plotted in Fig. 5. As the power of light

increases, electrons are excited especially strong in the posi-

tion (a) when the real part of dielectric constant is 0. Then

the electrons are modulated to form SPP propagating along

the polarization of light. When the power is increased to

ensure that neh is more than 1� 1022 cm�3, structures are

ablated by extremely high intensity of periodic distribution

of electrons and holes just around the peaks and troughs of

SPP. Structure period approaches to a stable value ranging

from 200 nm to 220 nm as shown in Fig. 5(b). If the power is

much more above the threshold, period increased a little con-

sidering the enhanced SPP reflection. Here, the model is in

reasonable agreement with the experimental data such as the

induced grating direction and period. Parameters eZnS¼ 5.35

at k¼ 800 nm, c¼ 3� 108 m/s, e¼ 1.6� 10�19 C, sD¼ 1 fs,

mopt¼ 0.38, e0¼ 8.8419� 10�12 F/m, and me¼ 9.11� 10�31

kg were used in the simulation.

Another notable phenomenon is the process of laser

excited electrons. Energy gap of ZnS is about 3.6 eV which

is more than twice of one photon energy 1.55 eV. So it is the

three-photon absorption at least in the beginning of excita-

tion process. However, as the formation of SPP, multi-

photon will be changed into one-photon absorption.30

Threshold for the same intensity SPP excitation will be

reduced. In other words, their seed structures first formed

before the subwavelength structures in shape just as the

experiment shown in Fig. 2.

In conclusion, we report here a rapid facile approach to

fabricate large area hierarchic structures with femtosecond

laser by using a phase mask. The structures are consisted of

periodically arranged sub-wavelength nanogratings that

could be extended to the area as large as the mask itself only

if the incident beam is sufficiently spatially expanded. The

nature of the use of the phase mask is light-field tailoring

(LFT), and here the role of LFT is provision of periodically

distributed wavelets, i.e., its first order diffraction. The wave-

lets interact with material either by their direct interference

or by their interference with induced waves such as SPP or

SHG. The transient interference light patterns are then trans-

ferred into matter structures by local removal of materials at

the sites of light intensity maximum only if the laser pulse

energy is properly chosen. The use of a cylindrical lens for

rectangular focusing and the laser beam scanning relative to

the mask technically ensures the full advantage of the wave-

let interference enabled by the phase mask, expanding the

dimension of microgratings, and therefore the nanogratings

and the entire hybrid structures to desired macroscale.

Although not detailed here, the same deep subwavelength

structures have been attained in wide-bandgap semiconduc-

tors like GaAs, ZnO, and ZnSe, meaning that the technology

may find broad application of optoelectronic industry.
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