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Laser-Scanning Direction Effect in Femtosecond Laser-Assisted Etching
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In this study we examined how the laser-scanning direction during the inscription of modified lines affects
to the etching rate along the lines in the femtosecond laser-assisted etching. An isotropic material (silica) was
used as the sample. Circular polarization was used for inscribing modified lines, in order to avoid a direction
effect arising from polarization. Scanning direction dependence was observed in the etching rate along the
modified lines. The relation between the occurrence of a scanning direction effect and the other inscribing pa-

rameters (pitch and pulse energy) was examined.
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1. Introduction

The development of femtosecond (fs) laser technology
enabled new methods of micro-material processing such as
the drilling of holes into metals with a minimized thermal
effect [1] and three-dimensional (3D) photopolymerization
[2]. In addition, by focusing fs pulses into transparent solid
materials, we can modify material properties at the vicinity
of the focus, without damaging the surface. This phenome-
non is used for 3D optical recording [3] and inscribing op-
tical waveguides [4].

Modification inside transparent solids is also used for
removal processing combined with chemical etching. We
call such a processing technique fs laser-assisted etching.
First, the modified region along a predesigned pattern (e.g.,
lines and boxes) is inscribed using focused fs pulses by
scanning the sample. The sample is then chemically etched.
When the modified region is etched faster than the un-
modified region, the etched region is preferentially dis-
solved, and a hollow structure inside the solid is fabricated.
This is a unique technique because it allows the fabrication
of hollow structures with 3D arbitrary designs and microm-
eter resolution [5,6].

When fs laser pulses are used to modify a material,
many processing parameters affect the modification, such
as pulse duration, pulse energy, wavelength, repetition rate,
and numerical aperture of the focusing optics. Polarization
was also found to be an important parameter that affects the
modification [7,8]. It was reported that scanning direction
also affects the property of the modified region [9]. That is,
a property (for example, appearance in optical microscopy)
of the modified lines sometimes differs between lines in-
scribed in the opposite directions. Such an unexpected
scanning direction effect is called the "quill effect" or "non-
reciprocal writing," and has been reported by several au-
thors [10-14].

Here we report the presence of a scanning direction ef-
fect on the femtosecond laser-assisted etching rate. Using
circular polarization for the modification and an aqueous
solution of potassium hydroxide (KOH) as the etchant, a
scanning direction effect was observed. We also examined
the dependence of the occurrence of the scanning direction
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effect on the other irradiation parameters of pitch (the dis-
tance between neighboring irradiation points) and pulse
energy.

2. Experimental Methods
2.1 Laser irradiation

Silica glass (Shin-Etsu Chemical Co., Ltd.) was used
for the samples. This is an isotropic material, and thus we

can avoid the direction effect due to the anisotropy of the
samples.

(a)

(b)

Fig. 1. Experimental procedure. (a) Modified lines were
inscribed by irradiating focused fs pulses and trans-
lating the sample in alternating directions with dif-
ferent (i.e., pitch and pulse energy) values. (b) The
sample was cut, and then it was etched in an aque-

ous solution of KOH.


Hiromi
タイプライターテキスト
DOI:10.2961/jlmn.2013.01.0008


JLMN-Journal of Laser Micro/Nanoengineering Vol. 8, No. 1, 2013

First, modified lines were inscribed inside 10 x 10-mm
silica substrates with the use of the fs laser. A Ti:Sapphire
chirped-pulse-amplifier (Spitfire, Spectra-Physics), which
emits 130-fs, 800-nm pulses with a maximum repetition
rate of 1 kHz, was used as a light source. The emitted puls-
es were introduced to an optical microscope and focused
into the sample by an objective lens (40x, NA=0.6). During
irradiation, the sample was scanned to a specific direction
with a motorized translation stage (KS701-20LHD, Suruga
Seiki), so that modified straight lines were inscribed. Four
lines were inscribed in a group in alternating directions
(Fig. 1a) with a typical line interval of 50 pm. Several
groups of lines are inscribed with different values (i.e.,
pitch and pulse energy). For different laser scanning direc-
tions, both the translation direction and the sample orienta-
tion were rotated (Fig. 1a). In the present experiments, the
scanning was carried out in eight directions (every 45°) in
the plane perpendicular to the optical axis. In order to avoid
an effect of polarization, circularly polarized pulses were
used for modification. The pitch was adjusted between
0.075 and 1.0 um by adjusting the sample translation speed
and pulse repetition rate.

For the irradiation of the fs laser pulses into the silica
sample, we used an optical microscope. The polarization of
the pulses was adjusted before the microscope. The pulses
were reflected by a dichroic mirror inside the microscope
and then focused by an objective lens and irradiated into

(a)

50 uym

Fig. 2. (a) Optical micrograph of a sample after etching,
taken with a wide-field microscope. Seven groups of
lines were inscribed with different pulse energies.
One group consisted of four lines; the four lines
were inscribed by alternately changing the scanning
directions at a constant pulse energy. The pulse en-
ergies of the seven groups were 1.2, 1.1, 0.8, 0.7,
0.6, 0.5, and 0.4 pJ (from the top to the bottom). The
pitch was 0.1 um. The sample was etched for 18 h.
(b) Close-up views of the rectangular region in (a)
taken with a bright-field microscope (b1) and cross-
polarized microscope (b2).
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the sample. In this case, the polarization at the focus might
be affected by the dichroic mirror, because a dichroic mir-
ror often has a birefringence; that is, a phase shift may oc-
cur between s and p polarizations. Due to this birefringence,
even if the polarization was set as circular before the mi-
croscope, the polarization at the focus might not be circular.
Hence we used a combination of a half-wave plate and a
quarter-wave plate to obtain a circular polarization from
linear polarization. The details of this procedure will be
described elsewhere.

2.2 Etching

After the fs laser-inscribing of modified lines, the sam-
ples were cut perpendicular to the modified line (Fig. 1b)
using a wire saw. Then, the sample was etched in a 1-
mol/(dm)’ aqueous solution of KOH at 80°C. The growth
of the etched region along the modified lines was moni-
tored in situ [15], and the etching rate was evaluated. For
this evaluation, the growth of the etched region from the
cut-edges — not from the original edges of the 10 x 10 mm
substrate — was measured in order to avoid the undesirable
edge effect during the laser modification [16].

3. Results and Discussion

3.1 Existence of laser-scanning direction effect

The scanning direction effect was observed in our ex-
periments. Figure 2a shows a typical optical micrograph of
a sample after etching for 18 h. Seven groups of lines were
inscribed with different pulse energies. In the figure, the
etched region along the inscribed lines appears brighter.
The length of the etched region varied alternately in the
third to sixth groups (pulse energy range, 0.5-0.8 pJ);
shorter in the first and third lines and longer in the second
and fourth lines of each group (Fig. 2a). This result shows
the occurrence of the scanning direction effect in the etch-
ing rate. It should be pointed out that the etching rate from
both edges showed the same tendency. This indicates that
the difference between lines is not directional (e.g., a line
inscribed in the +x direction is etched faster in the +x direc-
tion but etched slower in the —x direction), but rather it is
quantitative (e.g., a line inscribed in the +x direction is
etched faster in both the +x and —x directions, and a line
inscribed in the —x direction is etched slower in both direc-
tions).

As mentioned previously, we used circular polarization
for inscribing modified lines in the present experiments. To
the best of our knowledge, this is the first observation of a
scanning direction effect using circular polarization.

Figure 2b shows close-up views of modified but not yet
etched regions; (bl) is a bright field micrograph and (b2) is
a cross-polarized micrograph. With these we can compare
the appearance between the opposite scanning directions
(top and third lines = slower-etched; second and fourth
lines = faster-etched). In both bl and b2, the difference
between the appearance of the slower-etched and faster-
etched lines is not significant. This result indicates that the
etching is a sensitive method to visualize a scanning direc-
tion effect.
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3.2 Dependence of eight-direction etching rates on ir-
radiation parameters

The etching rates along the eight scanning directions

were evaluated, and they were compared among the differ-
ent (pitch and pulse energy) values. The reproducibility of
the results is not yet adequate for quantitative conclusions;
here we qualitatively summarize the results.

1. Figure 3 shows a typical radar chart of etching rates.
There was a "fast" direction (right in Fig. 3) and a
"slow" direction (left in Fig. 3) that was opposite to
the "fast" direction. Between the "fast" and "slow"
directions, the etching rate varied monotonically.

2. An inversion of "fast" and "slow" directions was ob-
served with a change in pulse energy, whereas the
"fast-slow" axis was kept constant.

3. The occurrence of the scanning direction effect de-
pended on the pitch, p. In short pitch range (ca.
p <0.15 pm), the scanning direction effect was sig-
nificant, and in the moderate pitch range (ca.
0.15 um < p < ca. 0.6 um), the effect was less signif-
icant. In the longer pitch range, the etching rate de-
creased and finally fell to zero. This tendency (in
which a direction dependence is significant in the
short pitch range) is consistent with previous reports
[9,13], whereas the range of pitch differed. In addi-
tion, the etching rate was higher in the moderate
pitch range than the short pitch range. Thus the
moderate pitch range is adequate for practical use.

3.3 Origin of scanning direction dependence

Because we used an isotropic material for the samples,

the origin of the scanning direction dependence is probably
attributable to the anisotropy of 1) the irradiated laser pulse
and/or ii) the translation stage, but the latter is less probable.
Kazansky et al. proposed that pulse-front-tilt — which of-
ten and unintentionally arises in fs laser pulses —is the
origin of scanning direction dependence [9]. In our experi-
ments, the orientation of the "fast-slow" axis was constant,
and was in agreement with the orientation in which pulse-
front-tilt is expected to occur with our laser setup. To fur-
ther examine the origin of the scanning direction depend-
ence, it is desirable to measure pulse-front-tilt as well as
the other possible anisotropy of fs laser pulses such as spa-

Fig. 3. A radar chart showing scanning angle dependence of
the etching rate (the unit was pm/min). The pitch
was 0.1 um and the pulse energy was 0.7 pJ.
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tial intensity distribution.

In the present experiments, we used circular polariza-
tion for inscribing modified lines. For circular polarization,
formation-disordered and interconnected nano-void struc-
ture has been reported [17], in contrast to nano-gratings in
the case of linear polarization. We speculate that the ran-
dom nano-void structure differs slightly among the laser-
scanning directions, and the etching rate is sensitive to the
slight difference in nano-structure.

4. Conclusion

We have studied the laser-scanning direction effect in
the fs laser-assisted etching of an isotropic material of sili-
ca with circular polarization. Scanning direction depend-
ence was clearly observed in the etching rate. The depend-
ence was significant in the short pitch range. In the moder-
ate pitch region, the etching rate was higher and less de-
pendent on the scanning direction, and thus the moderate
pitch range is adequate for practical use.
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