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Femtosecond Laser-Assisted Etching of Fluoride Crystals
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Femtosecond laser-assisted etching is a technique for internal micro removal processing of transparent mate-
rials. In the present study, we applied this technique to fluoride crystals of CaF, and MgF,. In the case of
CaF,, selective etching of a femtosecond laser-modified region was observed with etchants of aqueous solu-
tions of nitric acid, sulfuric acid, and hydrogen chloride, while no signature of etching was observed for MgF,.
Microchannels were fabricated in CaF, substrates. At the inlet, the microchannel showed polygonal shapes,

which may be related to anisotropy in the etching rate.
DOI:10.2961/jlmn.2011.03.0014

Keywords: Femtosecond laser-assisted etching, micromachining, fluoride, CaF,, MgF,

1. Introduction

Femtosecond (fs) lasers have made possible new fields
of material processing. A unique feature of fs laser
processing is the possibility to modify the inside of a ma-
terial without damaging its surface [1]. By combining fs
laser modification inside a material with selective chemical
etching of the modified region, we can carry out micro re-
moval processing inside transparent solids, a process we
call fs laser-assisted etching [2]. Because of the three-
dimensional (3D) capability of fs laser modification, we
can make empty regions with 3D arbitrariness in design,
for example, microchannels and microcavities. This tech-
nique was first reported in a photosensitive glass [3] and
then in a nonphotosensitive material of silica glass [4].
Research on this topic has been reported from both basic
and application points of view [5-10].

In the present study, we examined the applicability of fs
laser-assisted etching to fluoride crystals, whereas previous
studies have treated only oxides. Fluoride crystals such as
calcium fluoride (CaF,), magnesium fluoride (MgF,), li-
thium fluoride (LiF), and barium fluoride (BaF,) are known
as transparent materials in the wide wavelength range, from
infrared (IR) to deep ultraviolet (DUV). Accordingly, they
are used as, for example, windows and lenses, especially in
the DUV region [11]. Among these materials, CaF, and
MgF, have the advantages of low solubility in water (low
deliquescence character), and thus they are usable in am-
bient atmosphere. CaF, is the dominant optical material in
ATrF excimer laser optics [11,12]. MgF, has a wider trans-
parent wavelength region in DUV than that of CaF,. Thus
we used CaF, and MgF, crystalline substrates in the
present study. Processing inside these materials will allow
us to make micro analysis chips using UV light.

2. Experimental Procedure

Crystalline substrates of CaF, and MgF, were supplied
as 10 x 10 x 0.5 mm samples that were double-side po-
lished by Ohyo Koken Kogyo Co., Ltd. For CaF,, (111)
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Fig. 1 Scheme of fs laser modification and sample
preparation for etching.

and (110) substrates were used. For MgF,, the crystal
plane was not specified.

A Ti:Sapphire fs regenerative amplifier (Spitfire, Spec-
tra-Physics) was used as a fs light source. Fs laser pulses
were led to an inverted optical microscope, reflected by a
dichroic mirror, and irradiated to the sample through an
objective lens (40x, NA=0.55). During irradiation, the
sample was scanned using a 3D motorized stage, so that
modified lines consisting of modified spots were written.
The pulse energy was varied from 0.25 to 2 pJ measured
before the microscope, and the pitch (the distance between
neighboring modified spots) was varied from 0.1 to 2 pm.
The fs laser pulse was lineally polarized, and its electric
field was parallel to the modified lines.

After laser irradiation, the substrates were cut using a
wire saw so that modified lines had an end on an end facet
(see Fig. 1). The etching along the modified lines started
from this end facet. This ruled out any undesirable edge
effect [13] during fs laser irradiation.

After etching, the substrates were cleaned and im-
mersed in etchant. The etchants used were three kinds of
acid, aqueous solutions of nitric acid (HNQO3), sulfuric acid
(H,SOy), and hydrogen chloride (HCI) at concentrations of
0.05 and 0.5 M (M=mol/dm’). Etching was carried out at
room temperature. The samples were observed by optical
microscopy during and after etching, and the etched dis-
tance was evaluated.
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Fig. 2 Optical micrograph of microchannels along the
<112> direction in a CaF, (111) substrate (top view of
the substrate, side view of the microchannel). The irra-
diated fs pulse energy was 0.5 pJ, and the pitch was 0.1
pm (top) and 0.25 pum (bottom). The etching was carried
out in 0.5 M nitric acid for 27 hours at room temperature.

3. Results and Discussion

Fs laser writing of modified lines was possible for both
CaF, and MgF, substrates with the pulse energies and
pitches used, except for a pulse energy of 0.25 pJ and a
pitch of 0.25 um or more. However, no signature of etch-
ing was observed in either the modified or unmodified re-
gions of MgF,. This may be because the fs laser irradiation
applied in the present study was not enough to overcome
the good resistance to chemical etching of pristine MgF,
crystal. In the following, we describe the results obtained
on CaF, only.

A typical optical micrograph of CaF, after wet etching
is shown in Fig. 2. Color change regions with a sharp cone
shape can be seen on the modified lines along the <112>
direction. The color change along the irradiated region
indicates that the region was etched out, that is, material
along the line was selectively removed and microchannels
were formed. However, the diameters were not homogene-
ous; the deeper the microchannel, the narrower it was. The
etching selectivity (as determined by the ratio of etching
rate between modified and un-modified regions) was eva-
luated by dividing the etched length by the radius on the
end facet. The obtained value was about 20; this value is
not very good compared to those obtained previously for
other materials [2,14,15].

In Fig. 3, the etched length was plotted as a function of
time for three etchants. HCl and HNO; showed similar
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Fig. 3 Etched length as a function of etching time for
three etchants at a concentration of 0.5 M. The sub-
strates used were CaF, (111), and the modified lines
were along the <112> direction. The irradiated pulse

energy was 1.0 pJ, and the pitch was 0.5 pm.

results, while H,SO4 showed shorter etched length. Inte-
restingly, the etching rate of H,SO, showed a weaker de-
pendence on the concentration. At the lower concentration
of 0.05 M, the etching rate in H,SO, was faster than those
in the other etchants.

In Fig. 4, the etched length was plotted as a function of
pitch for three etchants. The results with HCl and HNO;
showed a similar tendency. The etched length was inde-
pendent of pitch at a higher pulse energy, and the etched
length decreased with increasing pitch at a lower pulse
energy. The decrease with increasing pitch can be ex-
plained by the decrease in deposited pulse energy per unit
length. In contrast, the etched length decreased with de-
creasing pitch in H,SO,4, with the highest pulse energy of
2.0 pJ. Similar unordinary dependence has been observed
in sapphire and silica glass [14,16,17], and the origin was
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Fig. 4 Etched length as a function of pitch. The etc-
hants were (a) HCI, (b) HNO;, and (c) H,SO,, all at a
concentration of 0.5 M, and the etching period was 26
h. The substrates used were CaF, (111), and the mi-
crochannel was along the <112> direction.
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Fig. 5 Etched length along different crystalline axes

in CaF,. The etchant was HNO;, and the etching pe-
riod was 26 h. The pulse energy was 1.0 pJ.

0

explained in terms of amorphous-to-polycrystalline transi-
tion of the modified amorphous region in sapphire. Here,
the story may be different because the phenomenon was
observed in only one etchant. We speculate that an extra
modified region, where the etching rate was sensitive to the
etchant, was fabricated in the outer region under high pulse
energy and short pitch conditions, and extra broadening of
the microchannel impeded elongation of the etched length.

We compared the etching rate along modified lines of
<112>, <111>, and <110> directions. Figure 5 shows the
results with HNO; etchant. Roughly, the etching rates
along the <112> and <110> directions were similar, and
that along the <111> direction was the lowest, about 75-
90% of the others. This dependence may be related to the
cleavage property of CaF,; {111} is the cleavage plane.

In the case of a strong pulse energy and short pitch, the
outline of the microchannel was burr-shaped, as shown in
Fig. 6. As seen, there are small protuberances in the outer
shell of the microchannel. The protuberances have direc-
tionality, and the direction was independent of the direction

of etching but dependent on the direction of fs laser writing.

This result indicates that the origin of burr-shape should be
attributed to some effect during fs laser modification. One
speculation for this is a quasi-periodic accumulation-
release cycle of stress.

It is important to determine why selective etching
around the modified lines occurs in CaF,. We speculate
that the factors that increase the etching rate include amor-
phization, which has been observed in sapphire [14] and
quartz [2], and stress, which was mentioned in the previous
paragraph. To clarify the origin of selective etching, we
conducted a transmission electron microscopy (TEM) ex-
periment to observe structural change. We found that TEM

Fig. 6 “Burr”’-shaped microchannels. The substrates
used were CaF, (110), and the direction of the mod-
ified lines was along the <111> direction. The irra-
diated pulse energy was 2.0 pJ, and the pitch was 0.1
um. The etchant was 0.5 M H,SO,. The arrows show
the direction of fs laser writing. Scale bars, 70 pum.
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Fig. 7 Optical micrographs of the inlet of the microchan-
nel on the end facet, (a) etched in HNO;, and (b) etched
in H,SO4. (al) and (a2), as well as (bl) and (b2), show

opposite ends of the microchannel. Scripts “A,” “B,” and
“C” indicate the same microchannel in (al) and (a2) as

well as (bl) and (b2). Scale bars, 70 um.

observation of CaF, is difficult with our TEM, because
CaF, was easily resolved by irradiation with an electron
beam at room temperature. A TEM equipped with a cool-
ing stage will enable us to observe structural change around
the modified region. This is left for a future study.

We observed the shape of the microchannel inlet on the
end facets, as shown in Fig. 7. As the figure reveals, the
shapes of the inlets were polygonal rather than rounded.
The polygonal shape indicates that the etching rate around
the modified region was not isotropic but anisotropic. Ani-
sotropic etching of CaF, by these etchants has been re-
ported [18]. The shape was different between two etchants.
In addition, comparing opposite end facets (e.g., the com-
parison between (al) and (a2)), the shape was reversed
with respect to the <111> direction. We suppose that aniso-
tropic etching depending on the crystalline axis occurred
around the modified region, and the dependency was dif-
ferent between the two etchants, but we could not identify
which crystalline plane was etched faster or which was
etched less. In addition to the end facets, a geometric pat-
tern was observed after etching on the top and bottom sur-
faces of the substrates. This may also be related to the dif-
ferent etching rate depending on the crystalline axis.

4. Conclusions

Femtosecond laser-assisted etching was examined in
CaF, and MgF, crystalline substrates with etchants of
HNO;, H,SO4, and HCL. For CaF,, selective etching with a
selectivity of about 20 was observed. The etching rate
around the modified region was anisotropic. In contrast, no
signature of etching was observed for MgF,.
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