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Abstract: We report on the fabrication of three-dimensional waveguide
beam splitters in a dielectric Bi,Ge;O;, (BGO) crystal by direct
femtosecond laser writing. In the laser written tracks of BGO crystal,
positive refractive index is induced, resulting in so-called Type |
configuration waveguiding cores. The “multiscan” technique is utilized to
shape cores with designed cross-sectional geometry in order to achieve
guidance at mid-infrared wavelength of 4 pum. The fundamental mode
guidance along both TE and TM polarizations has been obtained in the
waveguide structures. With this feature, we implement beam splitters from
2D to 3D geometries, and realize 1 x 2, 1 x 3, and 1 x 4 power splitting at
4pm.
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1. Introduction

Optical waveguides, as the basic components in integrated photonics, offer the confinement of
light propagation within small volumes, in which relatively high optical intensities could be
achieved [1,2]. Several techniques, including metal-ion indiffusion [3], ion/proton exchange
[4], ion implantation/irradiation [5], epitaxial layer deposition [6], and femtosecond laser
micromachining/writing [7-9], have been employed to fabricate diverse configurations in
various materials. Particularly, a number of approaches to achieving waveguide beam
splitters, which could divide the input beam equally into multiple output waveguides without
significant additional loss, have been reported in the literatures [10-13].

Recent years, the femtosecond laser writing has been widely applied as one of the most
efficient techniques for micro-fabrication of transparent optical materials due to the
advantageous capability of direct 3D micromachining over competing techniques [14-16]. In
optics, it appears as a direct, rapid, maskless fabrication technique that can create optical
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waveguides or more complicated photonic devices (splitters, optical circuits, etc.), avoiding
temperature control or complex clean room facilities. With a suitable choice of laser
parameters (wavelength, polarization, repetition rate, pulse energy, focusing conditions,
moving speed), one can inscribe devices in various optical materials, including glass [11, 12,
17], crystals [18], ceramics [19], and polymers [20]. Femtosecond laser pulses with high
intensities induce extremely localized modifications of material matrix through nonlinear
absorption processes. The refractive index modification of the femtosecond laser irradiated
regions could be either positive or negative, depending on the materials’ nature as well as the
laser parameters. The well-accepted configuration classification of femtosecond laser written
optical waveguides includes Type | (index increased in the irradiated region) [7-9, 21, 22]
and Type Il (guiding cores typically within the region between two parallel damage tracks of
reduced index) [7-9, 23], and Type Il cladding structures (cores surrounded by a number of
low-index tracks) [7-9]. Particularly, Type | structures are easier for direct 3D fabrication of
complex devices. Moreover, the “multiscan” fabrication technique could be used to produce
positive step-index cores with desirable cross-sectional shape [22, 24]. While it is very
common in glasses [19, 20], Type | waveguides have only been reported in a few crystals,
including LiNbO3 [21] and Nd:YCOB [22], with limitations in stability and polarization.

Bismuth germanate (Bi,Ge;O1, or BGO) is a well-known scintillating crystal with cubic
structure [25]. The features of BGO crystal, such as non-hygroscopic, high electro-optic
coefficient and easy preparation, make it an ideal crystal for nuclear physics, space physics,
high-energy physics, medicine, industry and other fields. In early works, BGO waveguides
were fabricated by ion implantation/irradiation [26-28]. Femtosecond laser micromachining
was also utilized in BGO crystal to fabricate Type Il dual-line and depressed cladding
waveguides [23]. Based on our previous work, we aim to write Type | BGO crystal
waveguides supporting guidance along any transverse polarization. On the other hand, spurred
by the development of quantum cascade lasers (QCLs) and fiber lasers [29], the MIR part of
the spectra has become a region of numerous scientific and technological interests. So far,
MIR optical waveguides have been reported in LiNbO; crystal [30], YAG crystal [31], silica
on silicon [32], and chalcogenide glass [24], etc. The realization of compact MIR laser
sources have been reported, which based on the femtosecond laser written waveguides in
ZBLAN glass [33], Cr:ZnS [34], and Cr:ZnSe [35] crystals.

In this work, we report on the realization of Type | waveguides and 3D beam splitters at
the wavelength of 4 um in BGO crystal produced by direct femtosecond laser writing.

2. Experiments

An amplified Ti:Sapphire laser system, which produced linearly polarized pulses (120 fs
duration, 800 nm wavelength, 1 mJ maximum energy, and a repetition rate 1 kHz) was
utilized to fabricate straight waveguides and beam splitters in a BGO crystal with dimensions
of 10 x 10 x 2 mm?®. In order to fabricate 3D structures with designed dimensions for MIR
guiding, the multiscan procedure was implemented which implies the inscription of several
parallel lines nearly overlapped. A 40 x microscope objective (N.A. = 0.40) was used to focus
the beam approximately 50 pm below the largest surface of the crystal, that was positioned
and moved with a XYZ translation stage. The scanning velocity was set to 500 um/s in order
to get an optimum spatial overlap between two consecutive pulses while minimizing the
processing time as much as possible. Figure 1(a) shows a schematic of the femtosecond laser
writing process. Many different trials were done changing the separation between adjacent
tracks and pulse energy. Finally, the pulse energy (irradiated on the sample) of ~0.14 uJ and
the separation of 3 pm were found as the best parameters, under our experimental conditions,
for light guiding at 4 pm. In these conditions, two straight waveguides with 6 and 24 parallel
scans, No. 1 and No. 2 respectively, were fabricated (see Fig. 1(b), left column). The 1 x 2
splitter (No. 3) was designed with a straight 3 mm length input arm, and two output arms with
0.4° of divergence (50 um of lateral separation) at the same depth of the sample. The 1 x 3
splitter (No. 4) has a similar design and dimensions but the three outputs lie at different depths
of the sample in a 3D configuration. Two 1 x 4 splitters were also implemented with lateral
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separation between the arms of 60 and 110 um (No. 5 and 6 respectively), forming squared 2
x 2 waveguide arrays at the output with 0.5° and 0.9° of divergence.

Fig. 1. (a) Schematic of the direct femtosecond laser writing process. (b) Optical microscope
images of the cross sections of multiscan waveguides No. 1 (top) and No. 2 (bottom), and
measured near-field intensity distributions at 4 pm. (c) Optical microscope image of the
splitting point of the 1 x 4 beam splitter No. 6.

After direct femtosecond laser writing, the end faces were optically polished for
measuring the guiding properties of the waveguides and beam splitters, resulting in a final
length of 9.9 mm for all the waveguides. The microscope images of the cladding waveguide
cross sections were taken by using a metalloscope (Axio Imager, Carl Zeiss) operating in
transmission mode. The near-field modal distributions were investigated by utilizing a typical
end-face arrangement. The linearly polarized laser at 4 um, generated by the Tunable Laser
System - MIRTM 8025 (Daylight Solutions, Inc.), was coupled into and out of the
waveguides by MIR microscope objective lenses (ZnSe, LFO-5-12-3.75, N.A. = 0.13). A
linear polarizer was placed before the input microscope objective lens to change the
polarization of the incident light. Afterwards, a MIR beam imaging camera (WinCambD,
DataRay Inc.) was employed to record the data. Based on the above arrangement and power
meter, the propagation losses were determined by directly measuring the light powers coupled
into and out of the end-faces. The coupling efficiency was estimated by considering the
overlap of the incident light beam and waveguide mode. The coupling and Fresnel reflection
losses of the waveguide systems were calculated as well.

3. Results and discussion

As shown in Fig. 1(b), the optical microscope images of the cross sections of the straight
waveguides No. 1 and No. 2 exhibit well-defined rectangular shapes with dimensions of 16.4
x 18.3 pm? and 32.2 x 37.0 um?, respectively. Utilizing the multiscan technique, the desired
waveguide cross sections were achieved with great precision and flexibility. In our previous
work [23], Type Il dual-line waveguides and depressed cladding waveguides were fabricated
using the same laser facility but with different irradiation parameters. While for the dual-line
waveguides, the pulsed energies were set to 1.68/2.52 pJ and the scan velocity was 50 um/s,
the parameters of the circular cladding waveguide was set to 1.68 uJ and 500 pm/s. In this
work, in order to obtain waveguides for MIR with positive refractive index changes (An > 0)
in the writing regions, the optimum parameters were found to be 0.14 pJ, 500 pm/s and 3 pm
of lateral separation between tracks. As shown in Fig. 1(b), the Type | waveguides No. 1 and
No. 2 supported fundamental mode guiding at 4 um for both the TE and TM polarizations,
respectively. By contrast, Type | waveguides in crystals reported before only supported
guidance along one particular polarization direction [19,22].

The good performance of the straight waveguides reported above was also found in the
beam-splitters (Nos. 3-6) that were written directly inside the BGO crystal with the same
irradiation parameters. Figure 1(c) depicts the top view of the splitting point of beam splitter
No. 6, showing smooth transition. The darker area around that point is produced by the
irradiation with a larger amount of pulses as it is a stopping and starting point for the stage
motion. The 1 x 2 and 1 x 3 splitters (Nos. 3 and 4) were fabricated with a 6 laser scans
homogeneous section along all the waveguide (like waveguide No. 1), both in the entrance
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waveguide as in the splitting arms. However, in splitters Nos. 5 and 6 the entrance waveguide
was implemented with 24 scans (like waveguide No. 2) while the splitting arms have just 6
scans. We have used this strategy to decrease the laser damage at the splitting point and to
obtain a more efficient beam division, making use of the fact that waveguides with both
sections (Nos. 1 and 2) show similar fundamental mode performance. Figure 2 shows the
microscope images of the end faces of the 1 x 2, 1 x 3, and 1 x 4 beam splitters. Also shown
are the near-field intensity distributions of the beam splitters which, as expected, exhibit
fundamental mode propagation at 4 um along both the TE and TM polarizations.

Fig. 2. Optical microscope images of the cross sections (left) and measured near-field intensity
distributions at 4 um of beam splitters Nos. 3-5 (right).

Fig. 3. (a) Optical microscope image of the cross section and measured near-field intensity
distributions at 4 pm of the 1 x 4 beam splitter No. 6. (b) Simulated beam profile evolution for
the 4 um TE polarized light propagating along beam splitter No. 6.

In order to reconstruct the profile of the increased refractive index in the modified regions,
we used the method introduced by Siebenmorgen et al. [36]. The calculated maximum
refractive index contrast was estimated to be (5.3 + 1) x 10~* for BGO straight waveguides at
4 pm. It seems reasonable to assume that the refractive index changes at 4 pm are
approximately the same for the beam splitters. We simulated the light propagation at 4 pm by
using the commercial program BeamPROP (Rsoft®, Inc), which is based on the finite-
difference beam propagation method (FD-BPM) [37]. To determine more accurately the
magnitude of the refractive index change (An), the same waveguide design was tested in the
software with different values of An, ranging from 4.3 x 1030 6.3 x 102 in 0.1 x 102 steps.
By comparing the simulated profiles with the measured near-field intensity distribution in Fig.
3(a), the refractive index changes of the waveguide was determined to be 5.0 x 10, for
which the best agreement with the experimental results was obtained. Figure 3(b) shows the
simulated beam profile evolution of 4 um light propagating on TE polarization along the 1 x 4
beam splitter No. 6. As depicted in Fig. 3(a), a clear beam splitting is observed at the
waveguide output with measured intensity splitting ratio of 27:26:23:24 for the four arms.
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Although the splitting ratio is not equal, it could be improved by optimizing the design and
processing parameters.

Table 1. Propagation Losses a (dB/cm) of the BGO Waveguides and Beam Splitters

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
TE 3.39 3.70 3.35 3.70 3.81 3.95
™ 3.22 3.47 3.23 3.47 3.59 3.71

Table 1 shows the propagation losses () of the femtosecond laser writing waveguides and
beam splitters (the coupling loss (~0.97 dB) and Fresnel reflection loss of the two end faces
(:1.07 dB) are not included in the propagation loss). As one can see, the differences between
TE and TM polarizations were less than 7%, showing the good features of polarization-
insensitive guidance. The all-angle light transmission to investigate the thorough information
of the polarization effects of the guidance was shown in Fig. 4. It is found that the guidance
exists for the 4 pm laser light at any transverse polarizations. By comparing the propagation
losses of the straight waveguides and beam splitters written with the same parameters, the
additional losses of the 3D splitters were determined to be less than ~0.3 dB. A part of the
splitting losses could be attributed to the imperfections of the structures, but the obtained
values are significantly smaller than those reported for femtosecond laser written 1 x 3
splitters in pure fused silica (the splitting losses ~6 dB) [10].

Propagation Loss (dB/cm)
o

44

6

Fig. 4. Polar images of the propagation losses of BGO waveguide No.2 (a) and beam splitter
No.6 (b) measured at 4 pm.

4. Summary

In conclusion, we have demonstrated the fabrication of 3D beam splitters in BGO crystal by
direct femtosecond laser writing. For the waveguides and beam splitters with positive
refractive index changes, fundamental mode guidance are achieved along both TE and TM
polarizations at the wavelength of 4 um. The propagation losses and splitting losses are
estimated to be less than 4 dB/cm and 0.3 dB respectively, and the splitting ratio is almost
equalized. The results show the promising capability of direct femtosecond laser written
complex devices in BGO crystal for MIR applications.
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