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Abstract. A collinear irradiation system of F, and KrF ex-
cimer lasers for high-quality and high-efficiency ablation of
hard materials by the F, and KrF excimer lasers’ multi-
wavelength excitation process has been developed. This sys-
tem achieves well-defined micropatterning of fused silica
with little thermal influence and little debris deposition. In
addition, the dependence of ablation rate on various condi-
tions such as laser fluence, irradiation timing of each laser
beam, and pulse number is examined to investigate the role of
the F, laser in this process. The multi-wavelength excitation
effect is strongly affected by the irradiation timing, and an
extremely high ablation rate of over 30 nm/pulse is obtained
between —10 ns and 10 ns of the delay time of F, laser irradi-
ation. The KrF excimer laser ablation threshold decreases and
its effective absorption coefficient increases with increasing
F, laser fluence. Moreover, the ablation rate shows a linear in-
crease with the logarithm of KrF excimer laser fluence when
the F; laser is simultaneously irradiated, while single KrF ex-
cimer laser ablation shows a nonlinear increase. The ablation
mechanism is discussed based on these results.

PACS: 42.62.-b; 42.70.Ce; 81.65.Cf

Fused silica is widely used not only in optoelectronics but
also in various other fields such as micromechanics and mi-
crochip chemistry. However, precision microfabrication of
fused silica is quite difficult due to its excellent properties
of high transmittance in a wide wavelength range and high
chemical stability. Recently, ablation using a vacuum ultra-
violet (VUV) laser has become a candidate precision micro-
fabrication tool of fused silica [1, 2]. However, the VUV laser
has some drawbacks for practical use, i.e. high photon cost,
unreliability, instability, and small pulse energy. In order to
overcome these problems, we have developed a VUV-UV
multi-wavelength excitation process in which a VUV laser
beam with small fluence is simultaneously introduced to con-
ventional UV laser ablation [3, 4]. The multi-wavelength ex-
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citation process has many advantages over single-wavelength
ablation using the VUV laser: (i) the small fluence of the
VUYV laser in the former process reduces the photon cost of
the high-fluence VUV laser in the latter process; (ii) there-
fore, the processing area and throughput increase; (iii) addi-
tionally, since ablation proceeds via the UV laser beam, the
necessity for expensive VUV optics and projection systems
is eliminated; (iv) finally, variation in the ablation quality as
a result of VUV laser pulse-to-pulse energy instability and
spatial uniformity is minimized. In the early stage, we used
a VUV Raman laser as the light source of VUV and UV
lasers [5, 6]. The use of the VUV Raman laser enabled high-
quality ablation of various hard materials such as fused silica,
GaN, and SiC [7]. However, the VUV Raman laser is un-
suitable for practical use, since it simultaneously radiates 15
different wavelengths in the VUV to visible range and its
pulse energy in the VUV region is too small, although it
is a very attractive and effective system for fundamental re-
search. Therefore, in order to apply this technique in practical
use, we developed a new tool for the multi-wavelength ex-
citation process by simultaneous irradiation by F, and KrF
excimer lasers [8]. In that stage, the F, laser was irradiated
from the back of the fused silica. This process achieved high-
quality ablation similar to single-wavelength ablation using
a F, laser, as well as that by the multi-wavelength excitation
process using a VUV Raman laser. However, irradiation by
the F; laser from the back of the sample brings about some
disadvantages. Namely, most of the F, laser energy is ab-
sorbed by the fused silica during its transmission to the front
surface and cannot contribute to the multi-wavelength excita-
tion process. Furthermore, this scheme cannot be used for the
ablation of other materials with strong absorption of the F,
laser, such as GaN and SiC.

In this study, we developed a new collinear irradiation sys-
tem of F, and KrF excimer lasers which yields an effective
multi-wavelength excitation process. In addition, characteri-
zation of this process under various conditions of laser flu-
ence, irradiation timing of each laser beam, and pulse number
was carried out, which had not yet been conducted in detail.
The role of the F, laser in this process is discussed based on
the results obtained.
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1 Experimental procedure

A schematic illustration of the experimental setup for ablation
by simultaneous irradiation using F, and KrF excimer lasers
is shown in Fig. 1. UV-grade fused-silica (VIOSIL, thickness
of 0.525 mm, Shin-Etsu Chemical Co. Ltd.) substrates were
used in this experiment. The fused-silica substrates were ul-
trasonically cleaned with acetone and ethanol, followed by
a deionized water for 5 min. Then, the fused-silica substrate
was placed into the chamber. The chamber was filled with
dry nitrogen gas at 1 atm to prevent absorption of the F, laser
beam by oxygen. The fused-silica substrates were ablated by

Fig. 2a,b. Pulse-shape spectra of F, and KrF excimer lasers simultaneously
irradiated (a) and with a 200-ns delay time between irradiation by F, and
KrF excimer lasers (b)
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Fig.1. Schematic illustration of experimental
setup for a multi-wavelength excitation process
of collinear irradiation by F, and KrF excimer
lasers
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F, (A =157nm, t = 20ns) and KrF excimer (A = 248 nm,
T = 23 ns) lasers. For collinear irradiation by F, and KrF ex-
cimer laser beams, a dichroic mirror, which was composed
of multi-layers of dielectric thin films on a MgF, substrate,
was used. This mirror transmits 52% of the F, laser beam and
reflects more than 92% of the KrF excimer laser beam. To de-
tect each laser pulse at the sample surface, fluorescence from
the fused silica was observed by a photodetector, and then
the irradiation timing of each beam was adjusted by a digital
pulse generator (Stanford DG 535). Figure 2 shows the pho-
todetector spectra adjusted for (a) simultaneous irradiation
and (b) F, laser irradiation followed by KrF excimer laser ir-
radiation with a 200-ns delay. In this setup, the controllability
of the irradiation timing was about 1 ns. The repetition rate of
both F, and KrF excimer lasers was kept constant at 1 Hz to
avoid the accumulation of heat induced by laser irradiation.
The number of pulses was set at 10, except in the experi-
ments on pulse-number dependence. Both of the laser beams
behind the dichroic mirror were focused by a MgF, lens onto
the surface of the fused silica through a contact nickel mesh
mask (array of 30 x 30 um?). Ablated patterns were observed
by atomic force microscopy (AFM). The etched depth was
measured using a surface profiler (a-Step: KLA Tencor Co.
Ltd.).

2 Results and discussion

Figure 3 shows AFM images of fused silica ablated by
(a) simultaneous irradiation by F, and KrF excimer lasers and
(b) irradiation by only the KrF excimer laser. The fluences
of F, and KrF excimer lasers are 0.23 and 4.0 J/cm?, respec-
tively. The AFM image of the sample ablated by the multi-
wavelength excitation process shows a well-defined pattern
corresponding to the mask pattern. In addition, sharp edges
and flat side walls were fabricated. A periodic ripple struc-
ture was formed on the bottom of the ablated area, which was
deduced to have been fabricated by diffraction of the KrF ex-
cimer laser beam at the edges of the contact mask. Therefore,
the ablated structure strongly reflects the spatial energy dis-
tribution of the laser beam, indicating little thermal influence.
On the other hand, the AFM image of the fused silica ab-
lated by only the KrF excimer laser shows irregular roughness
at the bottom and swelling at the edges. Thus, simultaneous
irradiation by the F, laser beam with small laser fluence sig-



Fig.3a,b. The AFM images of fused silica ablated by a multi-wavelength
excitation process using F» and KrF excimer lasers (a) and by irradiation
by a single wavelength of the KrF excimer laser (b)

nificantly improved the ablation quality of fused silica to be
almost comparable with that of single-wavelength ablation
using a F; laser as well as a VUV Raman laser [4].

The great improvement of ablation quality by the multi-
wavelength excitation process is attributed to excited-state
absorption (ESA). The ESA mechanism has previously been
explained using the band structure of the fused silica [2, 6].
Here, it is briefly reviewed. Fused silica has a band gap of
approximately 9.0 eV. Direct excitation of electrons from the
valence band to the conduction band by the F, laser is im-
possible, because the photon energy of 7.9 €V of the F, laser
is lower than the band gap. However, fused silica has many
defect levels ascribed to defects and impurities below the
conduction band. In fact, the absorption edge of the fused
silica used in this study is approximately 170 nm, which cor-
responds to 7.3 eV. Therefore, the F, laser beam can excite
the electrons to the defect levels. The electrons trapped at
these defect levels can be further excited to beyond the vac-
uum level by the KrF excimer laser beam, since the electron
affinity (0.9 eV) of fused silica is much lower than the pho-
ton energy (5.0eV) of the KrF excimer laser. This cascade
excitation process based on ESA induces photoionization of
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constituent atoms in fused silica and finally leads to pho-
toinduced ablation. This ESA has been confirmed elsewhere
by comparison of the pulse form of the KrF excimer laser
beam transmitted by fused silica with and without F, laser
irradiation [8].

In order to achieve high-quality ablation of fused silica
by the multi-wavelength excitation process, the irradiation
timing of F, and KrF excimer lasers is one of the most im-
portant factors. Figure 4 shows the variation of ablation rate
as a function of the delay time of F, laser irradiation after
KrF excimer laser irradiation. A negative delay time corres-
ponds to F; laser irradiation followed by KrF excimer laser
irradiation. In this experiment, the laser fluences of F, and
KrF excimer lasers are 0.4 and 2.9 J/cm?, respectively. An
extremely high ablation rate of over 30 nm/pulse is achieved
within a delay time of +10 ns. Therefore, multi-wavelength
excitation is the most effective in this region. The relaxation
rate of excited electrons in fused silica has been evaluated to
be as short as 1.7 ns, which is less than the delay-time range
(20 ns) [6]. One of the reasons is the long pulse durations of
20ns (FWHM) for the F, laser and 23 ns (FWHM) for the
KrF excimer laser. Another reason may be the jitter of each
pulse (~ £10ns). On the other hand, ablation with a rate as
low as ~ 5 nm/pulse takes place during the delay time from
—500 to —100 ns. This ablation may be caused by electrons
trapped at a different kind of defect level possessing a longer
relaxation rate.

Another important factor for achieving high-quality abla-
tion is the fluence of the F; laser. Figure 5 shows the variation
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Fig. 4. Variation of ablation rate as a function of delay time of F; laser ir-
radiation after KrF excimer laser irradiation. The F, and KrF excimer laser
fluences were 0.4 J/cm? and 2.9 J/cm?, respectively
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Fig. 5. Variation of ablation rate as a function of KrF excimer laser fluence
with F, laser fluences of 0, 100, and 440 mJ/cm?
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of the ablation rate of fused silica as a function of the KrF ex-
cimer laser fluence for various F, laser fluences (0, 100, and
440 mJ/cm?) with the delay time of 0 ns. The ablation rates
for the simultaneously irradiated samples show a linear in-
crease with the logarithm of the KrF excimer laser fluence,
at least up to 4.5J/cm?. It is well known that the relation-
ship between ablation rate d and laser fluence F in the case of
single-photon absorption is expressed by

d = 1/aer In(F/ Fy) , (1

where o, and Fy, are the effective absorption coefficient and
the ablation threshold laser fluence, respectively. Therefore,
the linear increase of the ablation rate indicates that ablation
is caused by the single-photon absorption process of the KrF
excimer laser. These results support the ESA mechanism de-
scribed above. Namely, a single photon of the KrF excimer
laser is absorbed by a single electron trapped at defect lev-
els by the F; laser, which then excites the electron to beyond
the vacuum level. On the other hand, the ablation rate shows
a nonlinear increase in the case of irradiation by only the
KrF excimer laser. This nonlinear increase is due to multi-
photon absorption, since the KrF excimer laser beam is not
absorbed by fused silica without simultaneous irradiation by
the F, laser. The ablation threshold of the simultaneously ir-
radiated samples becomes smaller than that with only KrF
excimer laser ablation, and decreases with increasing F, laser
fluence. By extrapolation, the ablation thresholds of the KrF
excimer laser with simultaneous irradiation by the F, laser at
100 and 440 mJ /cm? are estimated to be 2.5 and 1.9J/cm?,
respectively. The effective absorption coefficient is calculated
to be 1.47 x 103 cm™! for a F, laser fluence of 440 mJ/cm?,
using (1). This large effective absorption coefficient has al-
most the same value as that for single-wavelength ablation
with the F; laser [1].

Figure 6 shows the variation of the ablation rate of fused
silica as a function of F, laser fluence for 10 pulses and the
delay time of O ns. The fluence of the KrF excimer laser was
set at 3.0J /cmz, which is below the ablation threshold for
KrF excimer laser ablation (see Fig. 5). Therefore, no ablation
takes place with only KrF excimer laser irradiation. However,
simultaneous irradiation by the F, laser with only a small
laser fluence induces significant ablation. In addition, the ab-
lation rate increases with increasing F, laser fluence. This is
mainly attributed to an increase in the number of electrons ex-
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Fig. 6. Variation of ablation rate as a function of F, laser fluence. The
fluence of the KrF excimer laser was set at 3.0 J/cm?
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Fig.7. Variation of ablation depth as a function of the number of laser
pulses. The F, and KrF excimer laser fluences were 0.23J/cm? and
3.0J/cm?, respectively

cited by the F; laser, resulting in an increase of the absorption
of the KrF excimer laser beam.

Figure 7 shows the variation of the ablation depth of
fused silica ablated at 0.23J/cm? of F, laser fluence and
2.9J/cm? of KrF excimer laser fluence with the delay time
of Ons as a function of the number of pulses. The ablation
depth shows a linear increase, indicating no incubation ef-
fect. This means that the ESA is the dominant mechanism
in this process. The ablation rate is estimated to be as high
as 23 nm/pulse.

Thus, the multi-wavelength excitation process using sim-
ultaneous irradiation by F, and KrF excimer lasers achieves
high-quality and high-efficiency ablation of fused silica.

3 Conclusions

A multi-wavelength excitation process by collinear irradi-
ation by F, and KrF excimer lasers was developed. AFM
images indicated that the simultaneous irradiation by the F,
and KrF excimer laser beams achieved high-quality abla-
tion of fused silica. The ablation rate strongly depended on
the irradiation timing of each laser beam, and an extremely
high ablation rate of over 30 nm/pulse was obtained within
the delay time of £10ns. The ablation rate of the simul-
taneously irradiated sample showed a linear increase with
the logarithm of the KrF excimer laser fluence, which sug-
gested single-photon absorption of the KrF excimer laser
beam by electrons excited by F, laser irradiation. On the
other hand, the ablation rate of single-wavelength ablation
using the KrF excimer laser showed a nonlinear increase
due to multi-photon absorption. These results support the
ESA mechanism in the multi-wavelength excitation process.
The ablation threshold of the KrF excimer laser decreased
and the effective absorption coefficient increased with in-
creasing F, laser fluence. Therefore, the F, laser fluence,
as well as the irradiation timing, is important in this pro-
cess. The ablation depth increased linearly with increasing
number of pulses, indicating that the ESA mechanism was
dominant. Thus, we conclude that the multi-wavelength ex-
citation process by collinear irradiation using F, and KrF
excimer lasers is promising for achieving high-quality and
high-efficiency microfabrication of fused silica and enabling
practical application.
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