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a b s t r a c t

We report the fabrication of planar sub-micron gratings in silicon with a period of 720 nm using a
modified Michelson interferometer and femtosecond laser radiation. The gratings consist of alternated
stripes of laser ablated and unmodified material. Ablated stripes are bordered by parallel ridges which
protrude above the unmodified material. In the regions where ridges are formed, the laser radiation
intensity is not sufficient to cause ablation. Nevertheless, melting and a significant temperature increase
are expected, and ridges may be formed due to expansion of silicon during resolidification or silicon
oxidation. These conclusions are consistent with the evolution of the stripes morphology as a function of
the distance from the center of the grating.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Surface patterning using pulsed lasers and holographic optical
set-ups proved to be a powerful and versatile tool for micro-
machining and patterning [1–6]. The principle of holographic
surface patterning is simple: when two or more pulses of coherent
radiation overlap in time and space, an interference pattern is
generated that can be used to imprint periodic structures on a
material surface. Femtosecond lasers are particularly attractive for
this purpose, as compared to continuous-wave and long-pulse
duration lasers [7,8] because, due to their extremely short pulse
duration, a very high peak power is achieved. As a result, non-
linear effects and a plasma-mediated ablation mechanism that
minimizes collateral thermal effects are favored [7–9]. Taking
advantage of this, high quality periodic micro and nanostructures
were successfully fabricated using femtosecond laser radiation and
interferometric techniques in bulk transparent dielectric materials
[4,10], metals [5,11] and thin films [3,12]. Due to the importance of
silicon in the microelectronic and solar cell industries, Si surface
texturing using femtosecond laser radiation has been extensively
reported in the literature. The large majority of the studies on Si
texturing deal with the formation of self-organized arrays of
microcones [13,14] or sub-wavelength laser-induced periodic sur-
face structures [15,16] created by irradiating silicon with multiple
ll rights reserved.
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femtosecond laser pulses of near-IR radiation, and aimed at con-
trolling the material wettability [17,18], optical properties [19], or
field emission efficiency [20]. In contrast, only a few studies report
the formation of periodic patterns in silicon using femtosecond
laser interferometry [21,22]. Tan et al. [21] successfully fabricated
planar gratings with periods between 1.6 and 4.0 μm in bulk
silicon, using a Mach–Zender interferometer and radiation from a
Ti-Sapphire laser (400 nm wavelength, 200 fs pulse duration). The
main drawback of this Mach–Zender interferometer is the mini-
mum achievable gratings period which depends on the ratio D/f,
where D is the focusing lens diameter and f its focal length. As a
result, in order to achieve sub-micron structures with common
near-infrared lasers (λ∼1 μm), lenses with a D/f ratio greater than
1 must be used. In this paper, we describe the fabrication of sub-
micron planar gratings on silicon using a modified Michelson
interferometer and a single femtosecond laser pulse. The main
advantages of this setup with respect to those reported previously
are the simplicity of the interferometer design and alignment, the
possibility of sub-micron structuring using ordinary focusing lenses,
and of the procedure used to monitor time coincidence. The work
presented shows that femtosecond laser interferometry may be
used to create versatile nanoscaled structures such as silicon
nanowires for sensing applications [23].
2. Materials and methods

All experiments were performed in air on 500 μm thick Si (100)
wafers. Processing was carried out with a commercial Yb:KYW
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chirped-pulse-regenerative amplification laser system (Amplitude
Systèmes, s-Pulse HP) providing linearly polarized laser pulses
with 560 fs duration at a central wavelength λ¼1030 nm. The
patterns were produced using a beam delivery system based on a
Michelson interferometer, similar to the one previously used
to create sub-micron patterns in thin-film magnetic alloys [24]
(Fig. 1(a)). In this optical set-up, the laser beam is firstly split in
two by a non-polarizing beam splitter. Beams 1 and 2 are reflected
by mirrors M1a and M2a, respectively and, after crossing the beam
splitter, directed to the focusing lenses FL1 and FL2 by mirrors M1b
and M2b, respectively. Finally, the two beams are directed to the
same area on the sample's surface by mirrors M1c and M2c. The
fringe spacing is given by d¼ λ=½2 sin ðθ=2Þ�, where λ denotes the
radiation wavelength and θ the angle between the interfering
beams. The angle θ depends on the distance between the mirrors
M1c and M2c, D, and between the sample and the line defined by
the centers of the two mirrors, L. It results from simple trigono-
metry that θ=2¼ tan �1ðD=2LÞ. The fringes spacing can be con-
trolled by changing either D or L. In the present study, D¼40 mm
and L¼18 mm, leading to a fringe spacing d∼700 nm. In order to
overlap the two beams in time, the optical path length of beam
2 can be controlled by a precise translation of mirror M2a. To
detect time coincidence, the sample is substituted by a common
3M post-it green paper, and the paper two-photon fluorescence
monitored by a video camera. Because the two-photon absorption
is proportional to the square of the light intensity, the light
intensity emitted by the paper increases when time coincidence
occurs. This is demonstrated in Fig. 1(b) where images of the light
emitted by the paper before and after time coincidence are
depicted. After processing, the surfaces were observed by scanning
electron microscopy (SEM) and atomic force microscopy (AFM).
SEM was performed using a JEOL 7001 field-emission scanning
electron microscope (FE-SEM). AFM measurements were carried
out in air and at room temperature with a Brunker Innova system
in tapping mode using a Si probe with 8 nm tip radius.
Fig. 2. (a) Top view FE-SEM image of the central region of a grating created in
silicon using single laser pulse; (b) its magnified view tilted by 301.
3. Results and discussion

The conditions for gratings production were optimized by
varying the laser pulse energy. Good quality and approximately
circular gratings with about 125 μm diameter were produced by
the interference of two 100 μJ laser pulses. The gratings consist of
parallel stripes with a constant period of about 720 nm, in good
agreement with the predicted 700 nm. Figs. 2 and 3 depict SEM
and AFM images of the central region of a grating. The dark stripes
Fig. 1. (a) Optical scheme for direct laser interference patterning. The notations used are a
beam 1 and 2, FL 1(2) are focusing lenses. Mirror M2a was mounted on a translation st
(b) Images and intensity profile (inset) of the light emitted by a common green paper
beams are coincident in time.
in the SEM image correspond to higher radiation intensity regions,
where silicon was ablated, while the bright stripes correspond to
regions of lower radiation intensity, where no significant mod-
ifications occurred. Interestingly, the ablated stripes present 80 nm
wide longitudinal parallel ridges at each side, separated by
∼340 nm. The AFM topographic profile of Fig. 3(b) shows that
these ridges typically protrude 3–4 nm above the original surface
level, and the ablated regions are 1–2 nm deep.

We calculated the radiation intensity distribution at the target
surface, I. Assuming that the spatial radiation intensity distribution
of the two interfering beams is the same, I can be expressed as

I¼ 2I0½1þ cos ð2πx=dÞ�; ð1Þ

where d is the fringe period and I0 the interfering beams intensity
distribution. Assuming that the interfering beams are Gaussian
s follows: BS is beam splitter, M1a ((b) and (c)) and M2a ((b) and (c)) are mirrors for
age for finding overlapping in time by adjusting a time delay between the beams.
when (1) the interfering beams are not coincident in time; and (2) the interfering



Fig. 3. (a) AFM image of the central region of a grating and (b) the corresponding
cross-sectional topographic profile.

Fig. 4. Calculated radiation intensity profile in the vicinity of a stripe in the center
of the grating and corresponding FE-SEM image and AFM topographic profile.

Fig. 5. SEM images and AFM profiles of the same stripe as a function of the
distance r from the grating center, and corresponding intensity profile calculated
using Eq. (1): (a) r¼0; (b) r¼10 μm; (c) r¼20 μm; (d) r¼30 μm; and (e) r¼60 μm.
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and square laser pulses, I0 is given by

I0 ¼
2E

τπw2 e
�2r2=w2 ð2Þ

where E is the pulse energy, τ is the pulse duration, r is the radial
distance, and w is the grating radius. The radiation intensity
distribution calculated using Eq. (1), taking E¼100 μJ, w¼62.5 μm,
τ¼560 fs and r¼0 is depicted in Fig. 4 together with the FE-SEM
image of a stripe obtained in the central region of the grating using
these parameters. The ablated region III corresponds to radiation
intensities in the range of 1.0–1.2�1013 W/cm2. The protruding
ridges (region II) correspond to radiation intensities in the range of
0.6–1.0�1013 W/cm2. Finally, the unmodified material (region I)
correspond to radiation intensities below 0.6�1013 W/cm2. Based
on the above considerations, the grating profile is explained as
follows. In region III, silicon is ablated because the radiation intensity
is higher than the ablation threshold. On the contrary, in region II
the radiation intensity is below the ablation threshold and ablation
do not occur. Nevertheless, melting and a significant temperature
increase are expected. As a result, the protruding ridges may be
formed due to melting followed by expansion of silicon during
resolidification [25,26], or, since the laser treatment was performed
in air, due to silicon oxidation favored by the temperature increase in
these regions [27,28]. Finally, in region I, the radiation intensity is
insufficient to cause significant visible changes in the target material.

The proposed explanation is consistent with the evolution of
the pattern profile from the center of the grating to its periphery.
Fig. 5 shows FE-SEM images and AFM topographic profiles of the
same stripe at different distances from the grating center, and the
corresponding radiation intensity distribution calculated using
Eq. (1). In the central region of the gratings where the radiation
intensity is maximum, the three distinct regions previously men-
tioned are observed (Fig. 5a and b), but in the periphery of the
grating only two regions are observed because the radiation
intensity was not sufficient to cause ablation (Fig. 5c and d).
Finally, at the border of the grating, the radiation intensity is too
small to cause any significant changes in the material.
4. Conclusions

In summary, planar gratings with a period of about 720 nm
nanometers were produced in silicon by single-pulse laser treat-
ment using a modified Michelson interferometer and femtosecond
laser radiation. The gratings consist of alternated stripes of ablated
and unaffected material. The ablated stripes are surrounded by
parallel ridges separated of about 340 nm which protrude 3–4 nm
above the initial surface. The laser radiation intensity in the
regions of ablated stripes is high enough to cause ablation. On
the contrary, in the regions where ridges are formed melting and a
significant temperature increase is expected. As a consequence,
ridges may be formed due to silicon expansion during resolidifica-
tion or oxidation.
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