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by Use of Femtosecond Fiber Laser at 1.56 um

Takayuki TAMAKI", Wataru WATANABE ", and Kazuyoshi ITOH"

"Department of Material and Life Science, Graduate School of Engineering, Osaka University,
2-1 Yamadaoka, Suita, Osaka 565-0871, Japan
E-mail: tamaki@photonics.mls.eng.osaka-u.ac jp
“Photonics Research Institute, National Institute of Advanced Industrial Science and Technology,
1-8-31 Midorigaoka, Ikeda, Osaka 563-8577, Japan

By focusing intense femtosecond laser pulses inside a transparent material, one can induce lo-
calized structural modifications including a refractive-index change. This technique can be applied
to the fabrication of three-dimensional photonic devices. In this paper, we study on the structural
modifications in borosilicate glass by using an amplified femtosecond Er-fiber laser system produc-
ing 947-fs optical pulses at a repetition rate of 155.1 kHz and a wavelength of 1.56 pum. In order to
optimize the irradiation condition, we investigate the dependence of structural modification on the
incident pulse energy, exposure time, and focusing condition. In a static exposure experiment, it is
found that refractive-index change can be induced with a wider range of pulse energies compared to
silica glass. The magnitude of refractive-index change is estimated to be 1.2 X 10 by measuring the
diffraction efficiencies of a Raman-Nath grating fabricated in borosilicate glass.
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1. Introduction

The fabrication of three-dimensional micro- and nano-
structures is crucial for the development of multi-functional
devices consisting of three-dimensional optical circuits.
Femtosecond laser-based micromachining technique has
been regarded as a powerful tool for this purpose. When
femtosecond laser pulses are focused inside a transparent
material, the intensity in the focal volume can be high
enough to cause absorption through nonlinear processes,
leading to a localized structural modification in the focal
volume. This process depends on various conditions, such
as material, focusing lens, and laser parameters (i.e. wave-
length, pulse duration, incident pulse energy, and repetition
rate) [1], [2]. The resultant modification is classified
broadly into three types: refractive-index change, scattering
damage, and voids. Among them, the localized refractive-
index change can be used to embed directly optical ele-
ments, such as waveguides [3] - [14], couplers [5], [15] -
[19], lenses [20], and gratings [21] - [26] in a wide variety
of glasses.

Up to now, various laser systems have been used for
inducing the refractive-index change, while a Ti:sapphire
system at 800-nm wavelength region is a popular one. The
other examples are listed as follows: Saliminia et al. dem-
onstrated the waveguide writing in fused silica by use of
1.5-um femtosecond laser pulses from an optical paramet-
ric amplifier [10]. Osellame et al. used a cavity-dumped
Yb:glass oscillator generating 1040-nm, 300-fs pulses for
writing an optical waveguide in Er:Yb-doped phosphate
glass [11]. Recently, fiber lasers have attracted much atten-
tion because of its superior reliability and robustness as
compared with solid-state lasers. Shah et al. and Eaton ef al.
performed the waveguide writing in borosilicate glass and
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fused silica with femtosecond laser pulses at the fundamen-
tal wavelength (1040 nm) and the second-harmonic wave-
length (522 nm) of amplified femtosecond Yb-fiber laser
pulses [12] - [14]. We have recently reported on the struc-
tural modification in fused silica using an amplified femto-
second Er-fiber laser system at a wavelength of 1.56 pm
[27]. Although this demonstration proved the applicability
of Er-fiber laser to micromachining in fused silica, the pa-
rameter ranges of processing conditions were quite narrow
therein.

In this paper, we study the micromachining in borosili-
cate glass by using a similar Er-fiber laser system. We
demonstrate that the parameter ranges of processing condi-
tions of borosilicate glass are broadened and the magnitude
of refractive-index change is larger than that of fused silica.

2. Experimental method

The optical setup for inducing structural modification
inside borosilicate glass is shown in Fig. 1. We used an
amplified femtosecond Er-fiber laser system (IMRA Amer-
ica, FCPA pJewel B-250), which consists of three diode-
pumped Er-fiber stages: an oscillator, a pre-amplifier, and a
large mode area Er-fiber power amplifier. The center wave-
length was 1.56 pm and the pulse duration was 947 fs. Al-
though the repetition rate was variable, it was set at 155.1
kHz. These laser parameters were similar to those in our
previous study (1558 nm, 870 fs, and 173 kHz) [27]. The
sample was a bulk of borosilicate glass. It was mounted on
a two-dimensional translation stage (Physik Instrumente
V102.2L). The resolution of the stage was 100 nm. The
pulse energy was adjusted by rotating a half-wave plate in
front of a Glan-laser polarizer. In this experiment, the
maximum power through the Glan-laser polarizer was 400
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mW, which corresponds to a pulse energy of 2.58 uJ. We
controlled exposure time with an electromagnetic shutter.
The laser pulses were focused with an objective lens (OB1)
at a depth of 200 pm beneath the surface. The objective
lens was selected from those listed in Table 1. Transmit-
tances of the objective lenses were experimentally meas-

ured at a wavelength of 1.56 pm and were shown in Table 1.

We obtained transmission white-light microscopic images
in the vicinity of the focal spot in the xy- and xz-plane.

Table 1 Properties of objective lenses
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Fig. 1 Schematic diagram of the experimental setup for inducing
structural modification in borosilicate glass. L, achromatic
lens (focal length f = 200 mm); HWP, A/2 wavelength
plate; P, Glan-laser polarizer; Shutter, electromagnetic
shutter; DM, dichroic mirror; OB1 and OB2, objective
lenses; M, mirror.

3. Investigation on structural modification in borosili-
cate glass with 1.56-um pulses

In this section, we optimize the irradiation condition for
inducing refractive-index change through a static exposure
experiment. We investigate the dependence of structural
modifications on pulse energy, exposure time, and numeri-
cal aperture (NA) of focusing lens.

3.1 Dependence on incident pulse energy

We investigated structural modifications by varying the
incident pulse energy (average power) from 2.26 pJ (350
mW) to 2.58 pJ (400 mW) with a step of 0.06 pJ (10 mW).
The exposure time was fixed to 100 s. We used a 10x fo-
cusing lens with a NA of 0.25.
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Figure 2 shows the optical images of plasma lumines-
cence in the vicinity of the focal point during irradiation of
the laser pulses. It is clearly seen that the luminescent re-
gions were lengthened along the laser propagation axis (z-
axis). This means that we could induce filamentations in-
side the borosilicate glass. As was reported previously,
filamentation occurs as a result of a balance between the
Kerr self-focusing of the laser pulse and the defocusing
effect of the plasma generated in the self-focal region [2],
[7]. It is noted that the region of filamentation is lengthened
both in the +z and —z directions as the incident pulse energy
increased.

l(ﬂlm I(Hlm l(ﬁtm
226 uWl/pulse  2.32 wl/pulse  2.39 wl/pulse
(350 mW) (360 mW) (370 mW)

: ?—> X
— — — z
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(380 mW) (390 mW) (400 mW)

Fig. 2 Optical images of plasma luminescence from filamenta-
tion along the laser propagation axis (z-axis). The incident
pulse energy (average power) was varied between 2.26 pJ
(350 mW) and 2.58 pJ (400 mW).

Figures 3(a) and (b) show the optical images of the re-
sultant structural modifications in the xz- and xy-plane,
respectively. The lower threshold of pulse energy, at which
the refractive-index change was induced, was found to be
2.32 wl. In Fig. 3(a), it is clearly seen that the modified
region was elongated both in the +z and -z directions as the
incident pulse energy increased. This may be a result of the
elongation of filamentation as mentioned above. In contrast,
previous papers [7], [28] reported that the modified region
elongates only in the —z direction as the pulse energy in-
creased. The reason of such a different dependence has not
been clarified yet.
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Fig. 3 Optical images of refractive-index change in borosilicate
glass. The incident pulse energy (average power) was var-
ied between 2.26 pJ (350 mW) and 2.58 pJ (400 mW). (a)
xz-plane. (b) xy-plane.

From Fig. 3(b), it is found that the central diameter of
the region of refractive-index change expands from ap-

proximately 2.3 um to 3.5 pum as the pulse energy increases.

The ratio of the diameter to input energy was not constant.
This means that the structural modification was mainly due
to the heat accumulation effect [8], [14], [29]. Moreover,
the bright elliptical region in the xz-plane indicates that the
sign of refractive-index change was positive. Therefore,
this structural modification can be applied to waveguide
writing.

In order to compare the length of and diameter of the
regions of filament and refractive-index change, in Fig. 4,
we summarized the dependence of the dimensions on the
incident pulse energy. From Fig. 4, it is clearly seen that the
length of and diameter of the regions of refractive-index
change are narrower and shorter than those of the filamen-
tation. We presume that the region of refractive-index
change was generated at a portion of filamentation. This
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phenomenon may be explained by a distribution of heat
and/or pressure in the filamentation, while we have not
clarified this point yet. Additionally, from Fig. 4, it is found
that the length of and diameter of the regions of filament
and refractive-index change were expanded when the inci-
dent pulse energy increased. This result shows that we can
control the dimensions of the region of refractive-index
change with the incident pulse energy.
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Fig. 4 Measured dimensions of the filament and the refractive-

index change vs. incident pulse energy. Filled circle (®)
and filled rectangle (M) indicate the length of and diame-
ter of the filament, respectively. Open circle (O) and open

rectangle (O) indicate the length of and diameter of the
dimension of refractive-index change, respectively.

3.2 Dependence on exposure time

We investigated the dependence of the exposure time in
the static exposure experiment. We used a 10x objective
lens. The pulse energy was fixed to 2.58 pJ. The result is
shown in Fig. 5. The lengths of the regions of refractive-
index change along the z-axis were elongated with increas-
ing the exposure time, and were almost saturated with an
exposure time of >300 s.
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Dependence of the length of the region of refractive-
index change along the z-axis on the exposure time be-
tween 100 s and 500 s.
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3.3 Dependence on NA of focusing lens

By varying the NAs of the object lenses, we investi-
gated the dependence of the laser-induced structural modi-
fication on focusing conditions. The threshold of refractive-
index change and that of the scattering damage in borosili-
cate glass were investigated. The results are summarized in
Fig. 6. With each objective lens we tested, the refractive-
index change or the scattering damage could be induced.
When a 50x objective lens was used, the threshold of the
refractive-index change was 0.52 pJ and the threshold of
the scattering damage was 0.90 pJ.

For comparison, we also measured the laser-processing
window of fused silica. The result is shown in Fig. 6. In
fused silica, no laser-induced structural modifications were
induced by using 10x and 20x objective lenses. With a 50x
objective lens, the threshold pulse energies for the refrac-
tive-index change and for the scattering damage are 0.60 pJ
and 0.61 pJ, respectively. Thus, the processing window of
fused silica was quite narrow, as was already reported in
[27]. In contrast, the processing window of borosilicate
glass is much wider than fused silica, in terms of the pulse
energy and NA of objective lens.
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Fig. 6 Dependence of the threshold of the refractive-index
change and the scattering damage in borosilicate glass and
fused silica on focusing conditions.

4. Fabrication of Raman-Nath gratings

To estimate the magnitude of the refractive-index
change in borosilicate glass, we fabricated a Raman-Nath
grating. In the experiment, the sample was displaced along
the y-axis, perpendicular to the optical axis (z-axis), over a
distance of 200 um at a scan speed of 2 pm/s. The writing
procedure was repeated 20 times by moving the sample
with a step of 20 um in the x-axis. Femtosecond laser
pulses were focused at the depth of 200 um beneath the
surface by a 50x objective lens. The incident pulse energy
was adjusted to 0.84 pJ so that the refractive-index change
was induced.

Figure 7 shows the optical images of the grating fabri-
cated in borosilicate glass. The grating thickness was
measured to be 12 pm. In order to check whether the grat-
ing is Raman-Nath type or Bragg type, we calculated the
Klein-Cook (Q) parameter [30] given by

2

0= nkZ" .
nyA
Here, A is the wavelength of the light (0.632 pm) that inci-
dents on the grating, 7T is the grating thickness, 7, is refrac-
tive index of the material (1.47), and A is the grating period

)
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(20 um). By substituting these values in Eq. (1), O was
calculated to be 0.08 << 1. Therefore, the fabricated grating
was confirmed to be the Raman-Nath type.
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Fig. 7 Optical images of the fabricated Raman-Nath gratings

in borosilicate glass.

The magnitude of refractive-index change in Raman-Nath
grating can be estimated from the diffraction efficiencies of
all orders [27], [31]. We led a He-Ne laser beam to the grat-
ing and measured the diffraction efficiencies. As a result,
the magnitude of refractive-index change was estimated to
be 1.2 X 10, This value is the same order as the previous
report where borosilicate glass was modified with 1040-nm
laser pulses [13]. It is also noted that this value was ap-
proximately 10 times larger than the magnitude of refrac-
tive-index change induced in fused silica with 1.56-pm
laser pulses [27].

5. Conclusion

In conclusion, we have demonstrated structural modifi-
cation in borosilicate glass using an amplified femtosecond
fiber laser at 1.56-um wavelength. The dimensions of laser-
induced structural modifications at various incident pulse
energies and exposure times were measured. We found that
the relation between the dimensions along the x- and z-axis
and incident pulse energy was linear. The dimensions along
the z-axis was almost saturated with an exposure time of
>300 s. The thresholds of refractive-index change and scat-
tering damage were investigated. With a 0.55-NA objective
lens, the processing window in borosilicate glass was wider
than that in fused silica by a factor of more than 30. The
magnitude of refractive-index change in borosilicate glass
was estimated to be 1.2 X 107 from fabricated Raman-Nath
gratings. Our result suggests that the structural modifica-
tion in borosilicate glass with Er-fiber laser pulses is an
attractive candidate for femtosecond laser-based micro-
processing.
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