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Study of the formation of thermochemical laser-induced periodic
surface structures on Cr, Ti, Ni and NiCr films under femtosecond

irradiation”

A.V. Dostovalov, V.P. Korolkov, V.S. Terentyev, K.A. Okotrub, F.N. Dultsev, S.A. Babin

Abstract. The formation of femtosecond laser-induced periodic
surface structures (LIPSS’s) on Cr, Ti, Ni and NiCr films (with
different Cr contents) is investigated. It is established that thermo-
chemical LIPSS’s with periods of 950, 930 and 980 nm are formed,
respectively, on the surfaces of titanium, chromium, and nichrome
(with a chromium content of 20%); however, thermochemical
LIPSS’s are not formed on the surfaces of nickel and nichrome
with a low chromium content, although Raman data indicate that
oxidation occurs in all cases. A weakly ordered ablated structure
with a period of 250—300 nm is found to be formed on oxidised
areas of thermochemical LIPSS’s in the case of chromium and
nichrome (80/20). Experimental data on selective etching of thermo-
chemical LIPSS’s on titanium and chromium films are presented.

Keywords: thermochemical laser-induced periodic surface structures,
femtosecond laser nanostructuring, laser thermochemistry, ablation,
Raman scattering, selective etching.

1. Introduction

Since the beginning of the 1960s, when lasers were invented,
the effects of laser irradiation on various materials, including
metals, have been intensively studied. Along with applied
problems (laser cutting of metals, welding, and drilling holes),
these studies were aimed to gain insight into the nature of the
physical processes occurring under laser irradiation. When
studying ablation (removal of material from the surface),
metals were found to form laser-induced periodic surface
structures (LIPSS’s) in the area of a focused laser spot, having
a period somewhat smaller than the radiation wavelength and
oriented perpendicularly to the incident beam polarisation
direction (Figs 1a—1c¢) [1]. Here, the irradiated area size greatly
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exceeds the structure period, and focusing is generally used
to obtain a necessary energy density. The generally accepted
theory [2] explaining the LIPSS formation is based on the
interference between the incident radiation and surface electro-
magnetic waves, which are generated on resonance periodic
gratings existing in the spatial spectrum of random irregu-
larities of a metal surface. As a result of this interference, the
intensity becomes periodically modulated on the surface. In
the modulation maxima, when the intensity exceeds a certain
threshold value, the material is ablated, and a surface profile
is formed (see Fig. 1d). Many studies have been devoted to the
structures of this type formed on different materials (metals,
insulators and semiconductors), due to which the formation
of ablation LIPSS’s has been investigated in detail to date [3].

A relatively short time ago, it was demonstrated that
femtosecond laser irradiation of a titanium film leads to the
formation of new-type (thermochemical) LIPSS’s on its sur-
face[4,5]. They are formed due to metal oxidation rather than
as a result of ablation; therefore, a rise in the relief height is
observed in this case (Fig. 1g). Other specific features of the
structures of this type, as compared with ablation LIPSS’s,
are as follows: high degree of order, absence of phase shifts
and orientation parallel to the incident beam polarisation
direction (Figs la, le and 1f).

Since the first results on the formation of thermochemical
LIPSS’s (TLIPSS’s) were obtained on titanium films, it is
important to investigate the possibility of forming such
structures on the surface of films of other metals and alloys.

In this paper, we report the experimental results on the
formation of TLIPSS’s on the surface of Cr, Ni and NiCr
films (with different Cr contents) in comparison with the data
on titanium films. These metals were chosen in view of their
wide use in the microelectronic industry and the existence of
etching technologies for different-purpose microstructures
in them. It is noteworthy that some known technologies of
forming microstructures on metal films are based on the
masking properties of their oxides [6]. In this context, it is
important to determine the possibility of using TLIPSS’s as
masks for selective etching of a metal film on which they are
formed.

2. Experimental

The studies were performed on a laser micromachining sys-
tem consisting of a PHAROS 6W femtosecond laser (Light
Conversion Ltd), having a fundamental harmonic wavelength
of 1026 nm, pulse width of 232 fs, pulse energy of 70—102 nJ
and pulse repetition rate of 200 kHz, and a high-precision
Aerotech ABL1000 stage. The sample displacement velocity
in the experiments was 3.5 um s~!. To monitor the writing pro-
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Figure 1. Specific features of the formation of ablation and thermochemical LIPSS’s on metals.

cess and provide exact positioning of the exposed area on the
sample surface, we used a digital camera and a LED system
illumination. The focused-beam diameter was 2w, = 14.7 um.
The nanostructures formed on the sample surface were
investigated with a Hitachi TM 3000 scanning electron micro-
scope (SEM) and an Integra atomic-force microscope (AFM).
Metal films were deposited on a fused silica substrate by mag-
netron sputtering in argon. The film thickness was in the
range of 400—600 nm. The chemical composition of the films
was investigated using Raman spectroscopy. The excitation
radiation source was a solid-state Millennia II laser (Spectra
Physics) with a wavelength of 532.1 nm. The experiment was
performed in the backscattering regime; a microscopic objec-
tive with NA = 0.75 was used to focus the excitation beam
and collect scattered light. Raman spectra were registered
from an area of ~1.2 um? in size. The scattered light spectrum
was measured by an SP-2500i monochromator (Princeton
Instruments), equipped with a multichannel Spec-10:256E/
LN CCD detector (Princeton Instruments). The wavelengths
of measured spectra were calibrated using the emission spec-
trum of a neon lamp.

3. Results

In the case of titanium film samples, one can observe the for-
mation of highly ordered TLIPSS’s (directed along the polar-
isation vector of the incident beam) with a period of ~950 nm,
which is somewhat smaller than the excitation radiation
wavelength (1026 nm) (Fig. 2a). The structures reach 160 nm
in height (Fig. 2b). More details of the TLIPSS formation on
titanium films can be found in [7].

For the chromium film (Fig. 3), along with the TLIPSS’s
having a period of 930 nm, one observes the formation of
ablated structures with a period of 250—300 nm, oriented
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Figure 2. (a) SEM image of the TLIPSS’s formed on a titanium surface
by laser radiation with energy W = 71 nJ and (b) the corresponding
AFM image.

perpendicular to the incident beam polarisation direction.
The height of the oxide structures is about 100 nm, while
the depth of the ablation structures is 50— 100 nm. There are
oxide nanoparticles on some areas of the structure surface,
which can be seen as bright spots in both SEM and AFM
images (Figs 3a and 3b). The relief height on these areas
reaches 250—300 nm. It is of interest that the nanoparticles,
which were apparently formed as a result of the redeposition
of the oxide removed during ablation, are concentrated mainly on
the grating protrusions. With an increase in the pulse energy,
the nanoparticles are significantly reduced in size and begin to
be concentrated mainly on the barriers around TLIPSS’s
(Figs 3c and 3d), which were absent at lower energies.

In the case of NiCr samples (80/20) with a Cr content
of 20%, one can observe the formation of structures with a
period of 980 nm, oriented parallel to the beam polarisation
direction. As in the case of chromium films, ablated struc-
tures with a period of 250—300 nm, oriented perpendicular
to the beam polarisation direction, are also formed (Fig. 4).
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Figure 3. (a, ¢c) SEM images of the TLIPSS’s formed on a chromium

surface by laser radiation with W = (a) 83 and (c) 102 nJ and (b, d)

the corresponding AFM images. The insets in panels (a) and (c) show
enlarged images of the structure.

In contrast to the TLIPSS’s formed on chromium film, the
ablation of NiCr samples leads to the through removal of
oxide and, possibly, removal of metal in the central part of
the TLIPSS protrusions to a depth up to 300 nm (Figs 4b
and 4d).

Figure 4. (a, ¢) SEM images of the TLIPSS’s formed on a nichrome
(80/20) surface by laser radiation with W = 83 nJ and beam polarisa-
tion oriented (a) parallel and (c) perpendicular to the scanning direction
and (b, d) the corresponding AFM images.

TLIPSS’s are absent of the surfaces of the NiCr sample
(94/6) with a lower Cr content (6%) and the pure Ni sample;
one can observe only ablation (Fig. 5), which does not lead to
the formation of surface periodic structures. It is noteworthy
that the anomalously high tendency to oxidation, which is
typical of the NiCr (94/6) alloy under steady-state conditions
of thermochemical oxidation [8], does not manifest itself
under femtosecond laser irradiation. At the same time, this
impact causes the formation of oxide periodic structures on
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Figure 5. SEM images of the TLIPSS’s formed (a) on the nichrome
(94/6) surface by laser radiation with ' = 75 nJ and (b) on the nickel
surface by radiation with W =79 nJ.

films of standard nichrome NiCr (80/20), which is poorly
oxidised under steady-state conditions.

4. Raman spectroscopy study of the chemical
composition

The chemical composition of the TLIPSS samples was
analysed using Raman spectroscopy. Figure 6 shows the
measured Raman spectra of the TLIPSS’s formed on titanium,
chromium, nickel and nichrome (80/20) films.
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Figure 6. Raman spectra of the TLIPSS’s formed on Ti, Ni, Cr and
NiCr films. For clarity, the spectra are shifted in the vertical direction.

The Raman spectrum of the TLIPSS’s formed on a
titanium film contains two peaks at frequencies v = 418 and
607 cm™!, which correspond to the Raman peaks of rutile (one
of the phases of crystalline TiO,). The peak atv = 607 cm™! is
shifted with respect to the similar Raman peak of rutile single
crystal (v = 6123 cm! [9]). This red shift may be due to the
small crystallite size; in this case, a shift by 52 cm™! should
correspond to a rutile crystallite size of ~10 nm [10]. In the
case of single crystal, the peak at v = 418 cm™' should be
at v &~ 447 cm™' [9]. Thus, the peak in the recorded spectra
is shifted by almost 30 cm™!. This shift can also be partly
explained by the size effect; however, the corresponding shift
for the aforementioned peak should not exceed 3 cm™ [10].
Another possible reason for this large shift is the oxidation
nonstoichiometry. According to the data of [11], the ratio
of the oxygen and titanium concentrations ([O]/[Ti]) in the
structures formed should not exceed 1.9, even taking into
account the additional shift caused by the size effect.
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The Raman spectrum of the structures formed on the
nickel film contains peaks at v = 547 and 1072 cm™' (overtone)
and a weak band at v ~ 1580 cm™!, which is due to the scat-
tering from magnons (Fig. 6). The peak positions in the
Raman spectrum are close to the positions of the lines of
single-crystal nickel oxide NiO at v = 560, 1100, and 1600 cm™!
[12]. The discrepancy (red shift) of the positions may be due
to the small crystallite size. The nickel oxide line was observed
at v &~ 556 cm™! for 100-nm crystallites in [13]; the small
crystallite size is also evidenced by the low peak intensity at
v & 1580 cm™..

Raman spectra of the TLIPSS’s formed on a chromium
film were obtained for two laser pulse energies W (Fig. 6).
The Raman spectrum recorded at W = 83 nJ contains lines
atv =306, 346, 393, 446, 545 and 602 cm™!, which correspond
to the Cr,O5 phase [14]. At W = 102 nJ, the peak positions
somewhat change: v = 305, 349, 397, 450, 550 and 608 cm™!.
A new peak arises at v = 660 cm™!, which indicates the presence
of chromium oxide CrO,.

The Raman spectrum of the TLIPSSs formed on a nichrome
(80/20) film is similar to that of nickel oxide. A combined
band at v &~ 620 cm™! and its overtone at v = 1150—1200 cm™!
are observed. An increase in the pulse energy leads to the
occurrence of a CrO, peak at v = 660 cm™! and a line atv =
849 cm™!, which corresponds to nichrome oxide [15].

5. Discussion of the experiments on the TLIPSS
formation

As the experimental results showed, TLIPSS’s are formed
on only some of metals and alloys. The difference in the
behaviour of metal films may be related to the difference in
the three types of the material characteristics and/or their
combinations: the thermophysical parameters, the change in the
fraction of absorbed laser energy during surface irradiation
due to the formation of an oxide film and a surface relief grat-
ing, the activation energy and the oxidation reaction rate.
Table 1 contains some physical characteristics of the metals
under study and their oxides. Nickel has higher thermal and
electrical conductivities than Cr and Ti, which should lead to
a more rapid smoothing of the periodic spatial modulation of
the electron temperature on the metal surface, remaining after
the exposure to the beam interfering with surface defects.
Among the metals under consideration, titanium has the
lowest thermal conductivity, which provides the highest order
of the TLIPSS’s formed on its surface.

From the point of view of radiation energy absorption
during the oxide layer growth, an increase in the oxide thick-
ness should lead (for all three metals) to a periodic change

Table 1. Physical characteristics of metals and their oxides.

in the absorption by a factor of about 2—2.5 due to the inter-
ference. In the initial stage of oxide formation, absorption
increases and reaches a maximum at a thickness of 70—120 nm,
depending on the refractive index. Thus, concerning the optical
properties, all the metals under study should behave similarly.

Let us consider the thermochemical aspect of the forma-
tion of oxide periodic surface structures. When studying the
oxidation of metals, two mechanisms of the formation and
growth of an oxide film are selected: (i) the diffusion of metal
cations and electrons through the oxide layer to the oxide
surface with subsequent interaction with oxygen and forma-
tion of an oxide film at the gas--oxide interface and (ii) the
diffusion of oxygen anions through the oxide layer to the
metal surface and subsequent interaction with the metal,
accompanied by the formation of an oxide film at the metal—
oxide interface. A limiting factor for the chemical reaction is
the slowest process. The theoretical description of the metal
oxidation differs in dependence of the thickness of the oxide
film formed during the chemical reaction. Thin films are
described well within the Cabrera—Mott theory [16], which
considers the ion transport through an oxide metal in the
presence of an electric field, induced by the transition of
electrons through the thin oxide layer (either due to the tunnel
effect or because of the thermionic emission). In this case, the
oxide film growth is described by the expression

In(d//dt) = B, + Byl

where / is the oxide-layer thickness; ¢ is the oxidation reac-
tion time; and B; and B, are constants. As was indicated in
[17], this theory can be applied to oxide thicknesses on the
order of 10 nm. It was also found in [17] that the films
with thicknesses exceeding the Debye screening length (which
amounts to 0.1-1 pm) can be described within the Wagner
theory, in which the limiting process is the ion diffusion
through the oxide film; the influence of the electric field in the
oxide is disregarded. The oxide film growth in the latter case
is described by a parabolic law [18]:

g—i = @, wWT) = %@xp(—%),

where »(T') is the parabolic oxidation rate constant and Q is
the activation energy of the oxidation reaction.

In this study, the measured height of the structures above
the metal surface is ~160 nm (for titanium); in addition, there
is an oxide film of certain thickness under the metal surface.
Therefore, the total oxide-layer thickness is ~200—300 nm;
i.e., it falls in the range of thicknesses where none of the two

Element Melting Thermal conductivity/ ~ Density/ Specific heat/  Electrical conductivity/ ~ Optical constants 7 and k
temperature (°C) W m™ K! gcem Jkg ' K! Q'm’! for A = 1030 nm

Ti 1665 22 4.5 544 2.4x10° 3.35;3.3

TiO, 1843 12 4.2 - - 2.75,0

Cr 1907 67 7.2 460.5 8x10° 3.5;3.58

Cr,03 2435 10 5.2 - - 2.2;0

Ni 1455 91 8.9 502.4 1.4x107 2.85;5.1

NiO 1955 5 6.7 - - 2.3;0.028

NiCr (80/20) 1400 12 8.4 460.5 8.3x10° -

NiCr (90/10) - 17 8.6
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theories describe adequately the oxidation kinetics. Never-
theless, the thickness of the TLIPSS oxide layer is formally
closer (on the order of magnitude) to the thickness range
for which the Wagner theory is valid. It was suggested in [19]
that the Wagner theory can be applied to the case of oxida-
tion of thin chromium films by femtosecond laser radiation,
although, in contrast to our experiments, pulses with a repeti-
tion rate of 80 MHz were used in that study.

Table 2 contains the parabolic oxidation rate constants at
a temperature of 7'= 1000°C for the metals under consider-
ation. This parameter is much larger for titanium than for
nickel and chromium; therefore, the oxidation reaction and
formation of TLIPSS’s should be most efficient in this case.
As was noted above, the periodic spatial modulation of the
electron temperature on the metal surface is smoothed more
rapidly in the case of nickel; therefore, despite the growth of
an oxide film, whose presence was evidenced by the Raman
spectra, its thickness modulation is insufficient for the forma-
tion of a stable highly ordered periodic grating, and the uniform
thermochemical oxidation is transformed into the ablation
regime.

Table 2. Parabolic oxidation rate constants.

x/cm? s at

Ion Oxide T= 1000°C References
Ti TiO, 5.8x10710 [20]
Cr Cr203 3.2x107!1 [21]
Ni NiO 3.4x107 [22]

The formation of ablated structures with periods of
250-300 nm, which are shown in Figs 3 and 4, is likely
caused by the well-known effect of the formation of ablation
LIPSS’s on a metal surface under a layer of insulator or
liquid, in which (according to [23]) the structure period is
A = A/Ren, where 4 is the radiation wavelength (1026 nm),
N = Veqeml(€q + €m), €q 1S the insulator permittivity, &, =
el +ie! is the complex permittivity of the metal, &/, = n* — k?
and ¢ = 2nk. In our case, after the formation of an oxide
layer (transparent for incident light), subsequent laser pulses
are absorbed at the metal-oxide interface, where surface
electromagnetic waves are induced, and, according to the
mechanism described in the Introduction, ablation LIPSS’s
are formed in the metal oxide; these structures are oriented
perpendicular to the incident beam polarisation direction. With
allowance for the data in Table 1 for the chromium oxide
refractive index, the period can be estimated as ~300-400 nm,
values close to the experimental results. The observed LIPSS
periods are in agreement with the data of other studies
devoted to the femtosecond laser processing of metal oxides
[24,25], where A ~ A/4 for oxides of different metals. In the
case of nichrome, chromium is the first to be oxidised; there-
fore, the period of ablation LIPSS is also close to the value
found for chromium.

6. Selective etching of metals through a mask
of their oxides

If the topology of TLIPSS’s is transferred to the metal
sublayer on which they were formed, new promising fields
of their application may arise, including the technologies of
micromechanical devices and microsensors. The transfer can be
performed using selective plasma or liquid etching of metals
through the oxide grating mask. These approaches are based

on the known data on selective liquid and plasma etching of
metals through masks of their oxides [6, 26].

A known thermochemical technology of designing the
topology of photomasks on chromium films (30—100 nm)
deposited on a glass substrate implies their local heating by a
focused cw [27] or pulsed [26] laser beam and the formation of
a chromium oxide mask with a thickness of about 5—10 nm.
After the laser recording, the photomask pattern is developed
by liquid etching in a solution containing six parts of 25%
K;Fe(CN)g aqueous solution and one part of 25% NaOH
aqueous solution. Typical etching times range from 3 to 5 min.

By analogy with this technology, we investigated the pos-
sibility of selective liquid etching of the TLIPSS’s formed on
a 300-nm-thick chromium film, using the same etchant. The
structures arose at laser pulse energies from 37 to 63.5 nJ and
focal spot diameter of 8.5 um. The micrographs of the struc-
tures, recorded in reflection using a Zeiss Axiolmager optical
microscope with an objective 100%, are shown in Fig. 7. In the
first stage, etching was performed for 1 min in a standard
photolithography etchant of chromium (based on cerium
sulphate), which is much less selective to chromium oxide
than the aforementioned solution. This stage is necessary to
remove the thin oxide film, which also grows between grating
protrusions. Then we carried out a long-term etching in the
second etchant, based on K;Fe(CN), and NaOH. Breaks in
etching were made to record relief micrographs using the
Zeiss Axiolmager optical microscope equipped with an 100*
objective.

At a laser pulse energy of 37 nJ, periodic structures did
not arise; instead, only a wide track of a thin oxide layer
(hardly visible in an optical microscope) was formed on the
surface. During etching, it became visible well (Fig. 7b). It can
be seen that the TLIPSS region is surrounded by a contour
with a width of about 3 um, which arises due to conventional
thermochemical process under the action of spreading heat.
This contour is etched away for 15 min, simultaneously with
the wide oxide track formed at a laser pulse energy of 37 nJ.
The unprocessed part of the chromium film is etched away by
the 11th minute. At the same time, TLIPSS’s are not etched
away, at least by the 32th minute (Fig. 7c¢). This means that,
because of the interference energy redistribution, the metal
film undergoes deep oxidation. The SEM image indicates
that, at laser pulse energies of 45— 57 nJ, the grating lines with
a period less than 1 um are clearly separated. The inset in Fig.
7c shows the chromium concentration distribution over the
structure. It can be seen that the grooves contain neither chro-
mium nor its compounds. The formation of this structure on a
chromium film with a thickness of several hundreds of nano-

37n) 45n]) 57 nl 63.5n]
! a

10 um
—

Figure 7. (a, b) Optical images of TLIPSS’s (a) before etching and
(b) after 7-min etching in the second etchant and (c) a SEM image after
32-min etching in the second etchant.
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metres by photolithography (liquid etching through a photo-
resist mask) would be difficult due to the isotropic character of
metal film etching.

7. Titanium etching in inductively coupled
plasma

Parker et al. [6] described the formation of deep structures
with a high aspect ratio in bulk titanium samples and foils by
etching through a TiO, mask, formed by photolithography
on a deposited 1.25-um-thick titanium oxide film using a
photoresist mask and etching in CHF; inductively coupled
plasma (ICP). Then the topology was transferred on the tita-
nium surface by ICP etching in a mixture of Cl, (100 cm?® min™")
and Ar (5 cm® min™"). The selectivity of Ti etching with respect
to TiO, reached 40:1 at an etch rate of 2 um min~'. Under
these conditions, the microelements had a form of walls with
a height of 20 um and a width of 1 um. For the TLIPSS’s
formed on thin (below 400 nm) titanium films, the typical
height of oxide tracks is within 100—150 nm at a period of
~950 nm. According to the data of [5], these tracks are porous
and rounded.

Reactive ion etching of TLIPSS’s on titanium films
was performed using the Plasmalab 100Plus system in the
ICP regime. A mixture of chlorine-containing gas with Ar
(CCLF, + Ar or Cl, + Ar) with a feed rate of 20 cm® min~! was
used. The RF discharge and ICP powers were, respectively,
100 and 400 W. The pressure in the camera was 15 mTorr.
The etching was carried out in 1-min steps, with 1-min cooling
after each step. The result of 5-min TLIPSS etching is shown
in Fig. 8a. The etching led to the formation of a high-quality
grating, with a depth reaching the glass. Further etching for
five more minutes led to exfoliation of the structure (Fig. 8b),
which was most likely caused by the undercutting etching
and mechanical stress.

a b
Figure 8. SEM images of the structures obtained by selective reactive

ion etching [(a) for 5 min and (b) for 10 min] of the TLIPSS’s formed on
the titanium film surface.

To determine the profile of etched grating protrusions,
a titanium film was deposited on a silicon wafer. After the
formation of a TLIPSS grating on it, the plate was cleaved
across the periodic structure (SEM image in Fig. 9a). The top
view of the TLIPSS grating, recorded with the SEM, is shown
in Fig. 9b. The micrograph of the cleavage indicates that the
oxide layer thickness under the initial surface of the metal
film is twice as large as that above the surface. Figures 9c
and 9d show also a wafer cleavage made across the periodic
structure and the top view of the structure after the ICP etch-
ing. The slope of the grating protrusion walls is due to the
smooth decrease in the thickness of the oxide tracks visible
in Fig. 9a.

[ 2 | Before etching After etching
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Figure 9. SEM images of the TLIPSS’s formed on a titanium film
deposited on a silicon substrate: the structures before etching: (a) cleavage
and (b) a top view and (c, d) the corresponding images after etching.

8. Conclusions

The experiments on the formation of LIPSS’s on Cr, Ti, Ni
and NiCr (with different Cr contents) films showed that
TLIPSS’s with periods of 950, 930 and 980 nm arise on
the surface of titanium, chromium and nichrome (with an
chromium content of 20%) films, respectively. At the same
time, TLIPSS’s are not formed on the surface of films of
nickel and nichrome with a low chromium content, because
nickel has a higher thermal conductivity than Cr and Ti,
which leads to smoothing the periodic spatial modulation
of electron temperature. The formation of a weakly ordered
ablated structure with a period of 250—300 nm on the oxidised
TLIPSS portions was revealed in the case of chromium
and nichrome (80/20) films; this pattern is explained by the
formation of ablation LIPSS’s on the metal—oxide interface.

The Raman study of the TLIPSS chemical composition
showed the presence of oxides of the corresponding metals for
each sample, as well as the presence of nanocrystallites in the
oxide structure.

Along with the specific features of the formation of
TLIPSS’s, we considered the problems related to their selective
etching. Our study confirmed that the TLIPSS’s formed on
chromium films can be transported to the metal sublayer by a
two-stage liquid etching, using an etchant based on cerium
sulphate and ammonium in the first stage and a selective etchant
based on potassium ferricyanide in the second stage. The
TLIPSS’s formed on titanium films can be etched through
to the substrate surface, using reactive ion ICP etching in
a chlorine-containing gas. These results may condition the
occurrence of new practical applications of laser-induced
periodic structures.
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