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Sub wavelength ripples perpendicular to the polarisation of the laser radiation are obtained by scanning a tightly focused
beam (~1um) of femtosecond laser radiation over the surface and through the volume of various materials. The ripple pat-
terns extend coherently over many overlapping laser pulses and scanning tracks. The cross-sections and the surface of the
ripples and in volume nanoplanes are investigated using electron microscopy. By using microscope objectives with higher
Numerical Apertures micro-channels can be fabricated with a technique called In Volume Selective Laser Etching (ISLE).
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1. Introduction

Ripples or, in general, laser-induced periodic surface
structures (LIPSS) have been observed substantially near
the ablation threshold by many authors since the beginning
of laser ablation four decades ago [1]. The great variety of
experimental LIPSS was subsumed into theoretical ap-
proaches [1-3]. In the most common type of surface topo-
graphy, a periodicity of about the wavelength A of the laser
radiation is observed. This has been attributed to interfer-
ence between the incident and scattered laser radiation or
excited surface waves [5]. Smaller or broader spacing A
between the ripples occurs if the laser radiation has an in-
clination 6 to the surface normal. The dependence
A=M(1£sin 6) has been found, where the plus and the mi-
nus refer to the downwards and the upwards running sur-
face wave on the inclined surface [2]. Ripple structures
with sub-wavelength periodicity created by femtosecond
laser pulses have been reported [12-14]. Sub-wavelength
ripples formation is an increasing field of research for
groups all over the world [15-21].

Because of the wide range of LIPSS, many other expla-
nations have been considered [2, 6-8]. In most cases the
ripple orientation is found to be perpendicular to the inci-
dent polarization.

Efforts were made to avoid ripples in micro structuring
as their formation limits the precision of laser procession [4,
9, 10]. Otherwise it seems to be possible to utilize the rip-
ples for micro and nano structuring [4], e.g. for the fabrica-
tion of gratings [11].

Reproducible sub-wavelength ripples are presented with
periodicity from A~A/4 to 3xA/4 (110-600nm) [22] depend-
ing on the material properties and the applied wavelength.
But unlike the classical ripple period the sub-wavelength
ripple period can not be explained by the classical approach.
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2. Experimental set up

The structured materials are fused silica and sapphire.
The sample surface is polished to optical quality and
cleaned in an ultrasonic bath of ethanol.

For the micromachining of the structures an Yh:glass
fiber chirped pulse amplifier (FCPA IMRA pJewel D1000,
A=1045 nm, t=500 fs, f=0.1-5 MHz, P,=1.8 W) and a
CPA-laser system (Thales Concerto A=800 nm, t=100 fs,
f=1kHz) is used. The beam is linear polarized and the en-
ergy is adjusted using a half-wave plate and an additional
polarizer. The sample is moved with a computer controlled
positioning stage (Kugler Microstep). The three perpen-
dicular translation axes provide an absolute accuracy of
100 nm, a repeatability of 250 nm and a maximum posi-
tioning speed of up to 2 mm/s (used positioning speed is
Imm/s). Several microscope objectives (20x/N.A.=0.4,
50x/N.A.=0.55, 100x/N.A.=0.95) are used for the fabrica-
tion of periodic structures. The applied pulse energy is ad-
justed to the fluence of the ablation threshold for each ma-
terial. The ablation threshold is defined as the fluence
where the first changes of the surface are detectable by
optical microscopy. The samples are processed by scanning
the focused laser radiation over the surface and through the
volume. The scanning speed is chosen in the way that the
pulse spacing d (distance between two successive pulses) is
smaller than 10 nm (resulting in an overlap of at least 99%).

All experiments are performed in ambient air at normal
incidence. For the comparison of laser-induced surface
structures and in-volume structures the focus position is
varied from 10 um above to 100 pum below the surface. To
investigate not only the surface but also the volume struc-
tures a cross-section polish is prepared. Afterwards the
sample is cleaned in an ultrasonic bath of pure ethanol and
investigated by scanning electron microscopy (SEM).
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v=1 mm/s

Fig. 1: ISLE (In volume selective laser etching): 1) Irradiation of
the sample in the volume (left). 2) Etching of the irradiated sam-
ple in HF acid for 24 hrs (right).

For in-volume structuring of sapphire the beam is trans-
ferred into a microscope objective with N.A.=0.55 (0.8)
and focused in a depth of 150 um below the surface of the
sample. The objective with N.A.=0.8 allows an adjustable
compensation of the spherical aberrations for a depth be-
tween 0.1 and 1 mm in fused silica. The linear spot size is
approximately 1 um. To write adjacent lines the sample is
moved by the three axes translation stage along the y-axis
(propagation direction of the laser is along the z-axis). The
used writing speed ranges from 0.1 to 1 mm/s (Fig. 1 (left)).
Since the writing speed is significantly small compared to
the repetition rate of the laser, the pulse to pulse overlap is
large and the laser affected zones can be considered as lines
along the scanning direction. The polarization of the laser
beam is set parallel to the scanning direction. After irradia-
tion, the samples are lapped from both sides (perpendicular
to the scanning direction) to remove the irregular irradiated
parts due to diffraction and reflection caused by the edges
of the sample. Areas irradiated with less energy than the
ablation threshold are not necessarily modified. For a better
control of the etching process these areas are removed. Af-
terwards the sample is immersed in a 40% aqueous solution
of HF acid for 24 hours (Fig. 1 (right)) and cleaned in an
ultrasonic bath of ethanol.

. Cross-section
z

Fig. 2: ISLE 3) Preparation of a cross-section polish in different
depth for SEM investigations.

After etching the end facets of the sample and by that
the entrance of the etched micro channels are investigated
by SEM. By lapping and polishing of the faces normal to
the irradiated lines cross-sections of the periodic structures
and micro-channels are produced in a depth from 100 to
1000 pum beneath the entrance of the etched areas (Fig. 2) to
investigate the depths and shapes of the etched micro-
channels.

3. Coherent continuation of sub-wavelength ripples

Ripple structures with spacing significantly smaller

than the irradiation wavelength are observed on all samples.

The direction of the resulting structures is perpendicular to
the polarization of the laser radiation (Fig. 3).
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Fig. 3: Coherently contlnued rlpples by scannlng parallel to the
polarization on the surface of fused silica (A=800 nm, t=100 fs,
f=1 kHz, E,;=0.2 uJ, N.A.=0.7).

Regardless to the scanning direction of the laser radia-
tion the ripples continue coherently in respect to the polari-
zation over many overlapping laser pulses [22]. Ripples
can even be continued coherently in 2d by scanning several

Flg 4: Coherently continued rlpples in 2D by scannlng several
tracks with an offset of 400 nm on the surface of fused silica
(2=800 nm, t=100 fs, f=1 kHz, E,=0.2 uJ, N.A.=0.7).

3.1 Cross-section of sub-wavelength ripples

The samples with sub-wavelength ripples are lapped
and polished to investigate the cross-section by SEM. In
fused silica the ripples consist of very thin (<50 nm) cracks
or planes where the material density is reduced. They are
up to 500-700 nm deep (Fig. 5).

Fig. 5: Scanning electron micrographs of cross-section of surface
ripples in fused silica (A\=1045 nm, =500 fs, f=3 MHz, N.A.=0.7).

The ripples are covered by a debris layer of ~100nm
thickness. The resulting ripple structure on the surface is
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similar to the nanoplanes observed during the fs-laser in-
duced modification in the volume of fused silica [26]. In
Fig. 6 the changeover between ripples on the surface and
nanoplanes in the volume of sapphire can be seen. There-
fore the explanation of the formation of sub-wavelength
ripples may also be applied as a model for the formation of
nanoplanes in the volume.

Laser radiation

Fig. 6: Sketch of the laser irradiation method (top) and scanning
electron micrograph of the cross-section of the ripples in the vol-
ume of sapphire along the laser irradiated track (bottom) (A=1045
nm, t=500 fs, f=3 MHz, N.A.=0.7).

In sapphire the ripples are saw-tooth like modifications
with ~100 nm width and ~250 nm depth, covered by a 100-
500 nm thick layer of modified sapphire and debris (Fig. 7
top).

l

Fig. 7: Scanning electron micrograph of the cross-section of rip-
ples in sapphire after cleaning and etching (A=1045 nm, t=500 fs,
f=3 MHz, N.A.=0.7), focus at the surface (top) and below the
surface in the volume (bottom).

The layer of modified sapphire and debris can be re-
moved by chemical etching with an aqueous solution of HF
acid (Fig. 7 top). The sapphire sample is immersed for
15min in a 40% HF acid, for a fused silica sample an etch-
ing time less then 10 min in 2-5% aqueous solution of HF
acid is already enough.
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By scanning the laser beam trough the volume of sap-
phire and fused silica structures very similar to the surface
sub-wavelength ripples are observed in the volume (Fig. 6
bottom). The periodical structures in the volume are called
nanoplanes [22]. Especially the period of the self organiz-
ing structures is identical. Because of this the fundamental
mechanisms of the formation of periodic surface structures
with sub-wavelength period on dielectrics and the forma-
tion of nanoplanes or nano-cracks in the volume of dielec-
trics are considered to be identical. The considered feed-
back mechanism leading to coherent periodic sub-
wavelength structures is based on scattering of the laser
radiation at the nanostructures, the excitation of plasmonic
waves in the volume of the material, interference of the
electrical fields and the resulting intensity modulation.
Close to the surface this intensity fringes/ modulation may
cause the localized ablation of the material, resulting in the
formation of sub-wavelength ripples without subsequent
etching. This is also an explanation of single isolated but
well established ripples on the surface of sapphire and
fused silica [24].

The period of the sub-wavelength ripples depend beside
the wavelength on the material (fused silica (FS, a-SiO,),
Si, LiNbO;, ZrO,, Al,Os, MgF2, LiF, ZBLAN, Au, Cu and
PTFE have been investigated [30]) and are sub-linear de-
pendent on the wavelength of the used laser radiation. In
this work the ripple period of Sapphire (A=770 nm with
A=1045 nm) and fused silica (A~240 nm with A=800 nm)
are measured. This reveals a dependency of the ripple pe-
riod A on the wavelength A of approximately 3A/4 (sap-
phire) and A/3 (fused silica). Therefore the transient dielec-
tric function modified during and after the laser pulse has
to be considered for the modeling of the period of the sur-
face ripples and the in-volume nanoplanes.

4. Hollow nanoplanes and micro channels in sapphire
To produce hollow nanoplanes and micro channels in

the volume of sapphire a technique called ISLE (In Volume
Selective Laser Etching) is used.

Fig. 8: SEM images of cross-sections of hollow nanoplanes in the
entrance area (top) and in 500 um depth in the volume (bottom)
of sapphire, three parallel lines written with A=1045 nm, f=500
kHz, P=180 mW, N.A.=0.55.
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After cleaning and investigating the entrance area of the
nanoplanes (Fig. 8 top) a cross section of the same sample
in a depth of up to 500 um is investigated (Fig. 8 bottom).
SEM images of the surface rectangular to the scan direction
make the different etch rates in the modified area and in the
crystalline sapphire visible. The unmodified part is nearly
not etched, therefore the surface only becomes rough dur-
ing etching. At the entrance of the modified area etched
structures (nanostructures) are visible. Structures with the
same shape can be found in different depth from the en-
trance area (Fig. 8). The average width of the nanostructures
is about 200 nm (x-direction), the distance is about 300 nm
(x-direction), the length is about 40 um (z-direction) and
the depth is at least 500 pm (y-direction) without interrup-
tion and permeable for liquids (e.g. the aqueous solution of
HF acid and the solvent). This leads to a aspect ratio
(depth:width) of 2500.

Fig. 9: SEM images of cross sections of hollow nanoplanes in
500um depth in the volume of sapphire, three parallel lines writ-
ten with A=1045 nm, =500 kHz, P=180 mW, N.A.=0.55.

(left and magnification right), Laser beam propagated from top to
bottom The residue of the polishing suspension is marked with
red circles (right).

The residue of the polishing suspension (~30-50 nm
sized spheres) is visible in the nanostructures (Fig. 9 right).
This supply evidence that the nanoplanes are hollow during
the fabrication of the cross-section polish.

We consider here the formations of nanoplanes like
these structures are called by Hnatovsky and Yang [28, 29].
Compared to Hnatovsky our structures are not so well or-
ganized, perhaps due to the comparably high pulse duration
(t=500 fs) which was used [28]. Nevertheless, in the here
presented work, the hollow nanoplanes with a width of
about 200 nm are etched in one step to a depth (y-direction)
of at least 500 um or more. This corresponds to an aspect
ratio (depth : width) of more than 2500. Compared to the
calculated Rayleigh length r,=8 pum of the laser beam the
modified and therefore etched region is elongated by a fac-
tor of more than 5 by spherical aberrations and by propaga-
tion effects (Fig. 9 left).
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Fig. 10: SEM images of cross sections of hollow nanoplanes in
500um depth in the volume of sapphire, three parallel lines writ-
ten with A=1045 nm, f=500 kHz, P=300 mW, N.A.=0.55. Higher
energy leads to more dense structures.

Using higher pulse energies leads to an increase of the
size of the modified area and an increasing number of hol-
low nanoplanes within it, while the width and the distance
of the hollow nanoplanes stays the same (Fig. 10).

By using microscope objectives with a higher Numeri-
cal aperture or the possibility of spherical aberration cor-
rection hollow micro channels can be produced.

Fig. 11: SEM image of a cross-section of hollow micro channels
produced with f=100 kHz, EI=500 J/m, N.A.=0.7 (left) and
N.A.=0.8 (right).

In Fig. 11 left the micro channel is produced with a N.A. of
0.7 instead of 0.55 like the hollow nanoplanes. Due to the
larger intensity in the smaller focus area the non-linear ab-
sorption is higher. By this the material is better etched and
hollow micro-channels result instead of hollow nanoplanes.
That the same process is as well for the nanoplanes as for
the micro channels responsible can be seen in the coexis-
tence of both (Fig. 11 left). Using a microscope objective
with a even higher N.A. (0.8) leads, because of the higher
absorption, also to crack formation (Fig. 11).
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A etch stop in 1 mm depth |
Fig. 12: Light microscope image of micro-channels in sapphire
before etching (top) and after etching in 40% HF acid for 24h.

By investigating the sapphire sample with a transmitting
light microscope the modified channel can already be seen
before etching. The modified area is about 4 pm wide (Fig.
12 top). After immersion the etched and the not etched
parts of the channel can be observed in the same way. This
is the best way of measuring the channel length, whereas
the diameter of the channel can be better defined with SEM
images. After 24h etching in 40% HF acid the hollow mi-
cro-channel is about 1 mm (Fig. 12 bottom) long and has a
diameter of 1.8 um (Fig. 11 left). This reveals a aspect ratio
(width: depth) of 550.

4.1 Second kind ripples

Because of the high shearing forces during the lapping
and polishing process thin sheets of unmodified sapphire
between the hollow nanoplanes sometimes break mechani-
cally. This case allows investigating their surface.

F | i 4 4 fr
Fig. 13: SEM images of cross sections of hollow nanoplanes in
500 um depth in the volume of sapphire: Sub-wavelength ripples
parallel to the polarization on the surface of hollow nanoplanes,
laser beam propagation from top to bottom.

On the surface of the hollow nanoplanes clean coher-
ently sub-wavelength ripples with an orientation parallel to
the electric field of the laser radiation are observed. The
ripple period is about A=150 nm (Fig. 13). Because of their
smaller period and their different orientation from sub-
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wavelength ripples known until now we call this structures
second kind ripples. Similar sub wavelength ripples of a
second Kind oriented parallel to the laser radiation are oc-
casionally observed on top of the sub-wavelength ripples
on dielectric surfaces [24]. Therefore the fundamental
mechanisms involved in the formation of sub-wavelength
ripples and in-volume nanoplanes are considered to be
identically.

Sometimes serial stings of hollow nano-channels (sec-
ond kind ripples) with diameter ~100 nm are observed
among hollow nanoplanes (Fig. 14). These stings are con-
sidered as a superposition of nanoplanes parallel to the po-
larization with nanoplanes rectangular to the polarization of
the electric field of the laser radiation.

Fig. 14: SEM images of cross sections of hollow nano-channels
(second kind ripples) between hollow nanoplanes in 500 pm
depth in the volume of sapphire, laser beam propagation from top
to bottom.

5. Conclusion

Sub-wavelength ripples on the surface of sapphire and
fused silica continue coherently not only in one dimension
but also in two dimensions on the surface by several scans
with an offset. By investigating cross-sections of sub-
wavelength surface ripples high aspect ratios (width: depth)
larger then 10 in fused silica and about 2.5 in sapphire are
observed. By scanning the laser radiation into the volume
of sapphire and fused silica structures very similar to sur-
face sub-wavelength ripples (hollow nanoplanes) are ob-
served in the volume. Therefore the fundamental mecha-
nisms of the formation of periodic surface structures with
sub-wavelength period and the formation of nanoplanes or
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nano-cracks in the volume of dielectrics are considered to
be identical.

We have manufactured deep (up to 1 mm) micro-and
nanostructures with sub-micrometer resolution in the vol-
ume of sapphire by femtosecond laser modification fol-
lowed by chemical etching with aqueous solution of HF
acid. The size and the shape of these structures can be con-
trolled by varying the process parameters pulse energy,
scan speed and N.A.. In either case a feature length of up to
1 mm (y-direction) and dimensions in the micrometer range
(x-direction) resulting in an aspect ratio (depth: width) of
up to 2500:1 for hollow nanoplanes and of up to 550:1 for
hollow micro-channels.

On the surface of hollow nanoplanes in the volume of
sapphire sub-wavelength ripples with a period of 150 nm
are observed. Because of the orientation parallel to the
electric field polarization of the laser radiation we call them
second kind ripples.
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