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Integrating the magneto—optical effect into a waveguide-based photonic device becomes more and more interesting.
In the work, the planar optical waveguide firstly was prepared in a terbium gallium garnet crystal (TGG) via the proton
implantation with the energy of 4x10~! MeV and the fluence of 6x 108 ions/um?. Subsequently, a femtosecond laser with
a central wavelength of 800 nm and a power of 3 mW was used to ablate the surface of the planar waveguide, forming
the ridge optical waveguide. The dark-mode curve of the planar waveguide was measured by a prism coupling technique.
The top-view morphology of the ridge waveguide was observed via a Nikon microscope. The mode field distributions
of the planar and ridge waveguides were obtained by an end-face coupling system, and the propagation losses of the two
waveguides were measured to be 2.26 dB/cm and 2.58 dB/cm, respectively. The Verdet constants were measured to be
—72.7 °/T-cm for the TGG substrate and —60.7 °/T-cm for the ridge waveguide. The TGG waveguides have a potential in
the fabrication of magneto—optical waveguide devices.
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1. Introduction

Magneto—optical materials, with unique optical and mag-
netic properties, have significantly driven the development of
They
are crucial materials for fabricating various optical devices,

optical communications and high-peak-power lasers.

such as modulators, switches and isolators.[!] As a novel
magneto—optical material, terbium gallium garnet crystal
(TGG) has become one of the indispensable materials in many
high-performance optical devices and systems.* The TGG

“lat

crystal features a high Verdet constant (e.g., 35 rad-T~!-m
1064 nm), high transmittance, low transmission loss and high
laser damage threshold.!>%! In addition, it also exhibits excel-
lent thermal-optical and mechanical properties.!”! Although
they are all based on these high-quality magneto—optical mate-
rials, most of the commercial traditional magneto—optical de-
vices are blocky structures, which cannot be integrated into
micron-scale optical circuits because of their large size. There-
fore, the development of waveguide magneto—optical devices
based on TGG crystals is of great significance for the advance-
ment of integrated optics.

A waveguide is a basic component in the integrated op-
tical circuit, which is the preferred component for optical de-
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vices to achieve miniaturization and integration.
light transmission channel where the light wave is confined
to the micron-size layer.!''l According to the different di-
mensions of the transmission beam limited by the waveguide,
it contains both one-dimensional (1D) and two-dimensional
(2D) structures.!'?) Common techniques for constructing 1D
waveguides currently include metal ion in-diffusion, fem-
tosecond laser writing, epitaxial film deposition, and ion
implantation.!!314] Ton implantation is a method for the ma-
terial surface modification.!!>! How it induces a change in re-
fractive index can be found in Ref. [16]. It has the advantages
of high controllability and wide material applicability.!!”-18]
Thererfore, the ion implantation has become an efficient
method of waveguide preparation, and has been successfully
applied in over 100 types of optical materials.!'>?° The 1D
waveguides only confine light propagation in one direction,
which cannot meet the demand for high-performance inte-
grated optical devices. Therefore, it is necessary to use other
micromachining techniques based on 1D waveguides to fab-
ricate more compact and superior-performing ridge waveg-
uides. Competitive fabrication methods include femtosec-

ond (FS) laser ablation and precise diamond blade dicing
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21.22] Tn the femtosecond laser ablation process,

techniques. !
the FS-laser focused by the microscope objective lens ab-
lates two parallel air grooves on the 1D waveguide surface,
and the structure between these two air grooves is the ridge
waveguide.[?>251 Compared with precision diamond blade
dicing, the FS-laser ablation offers advantages including high
processing precision, small heat-affected area, no pollution,
and high controllability. Therefore, the construction of 2D
TGG waveguides is carried out by the hybrid technique of the
ion implantation and FS-laser ablation.

In previous reports, Wang et al. implanted silicon
ions with a fluence of 2x107 ions/um? and an energy of
6 MeV combined with precise diamond blade dicing technol-
ogy into TGG crystals to prepare ridge optical waveguides,
but the magneto—optical properties of waveguides were not
studied.*®! In addition, fabricating waveguides that possess
both excellent optical performance and the ability to retain
the superior magneto—optical properties of the bulk material
is one of the key challenges in the current research of waveg-
uide optical isolators. In this work, the planar waveguide is
firstly prepared via the 4 x 10~!-MeV proton implantation with
a dose of 6 108 ions/um? into the TGG crystal. Subsequently,
the ridge optical waveguide is produced using the FS-laser ab-
lation based on the H-implanted TGG. The characteristics
of the planar waveguide, as well as the optical properties and
Faraday rotation effect of the ridge waveguide are studied sys-
tematically. To our knowledge, it is the first report that studies
the Faraday rotation effect in the proton-implanted and FS-
laser ablated TGG waveguide.

2. Experiment

The TGG crystal was produced by CASTECH using the
Czochralski method, and its chemical formula is Tb3GasO1».
Its maximum surfaces (1 cmx0.5 cm) and the two end-faces
(0.5 cmx0.3 cm) were carefully polished. Before ion implan-
tation, the refractive index of the TGG crystal was measured to
be 1.9660 at 632.8 nm using the prism coupling system. Sub-
sequently, hydrogen ions were uniformly implanted into the
polished TGG crystal on its largest surface (1 cmx0.5 cm).
The implantation energy and dose were 4x10~! MeV and
6x 108 ions/um?, respectively. During the implantation pro-
cess, the ion current density was kept below 1x10~1> A/um?
to avoid thermal effects on the waveguide performance. In ad-
dition, the beam direction was at an angle of 7° from the nor-
mal direction of the implanted surface to prevent channeling
effects.

The ridge waveguide was fabricated on the H"-implanted
TGG using a Ti**: sapphire CPA amplification system (Spit-
fire, Spectrum Physics). The center wavelength of the FS-
laser was 0.8 um, the repetition rate of the output pulse was

1000 Hz, and the pulse width was 1.5x107 13 5. The laser
power was 3x1073 W, and the pulse energy can be adjusted
through a half wave plate and a polarizer. The TGG crystal
was positioned on a three-dimensional (3D) adjustable plat-
form, and the FS-laser beam was focused onto the sample sur-
face through an objective lens. The laser scanned across the
surface at a speed of 5x 107> m/s, ablating a pair of parallel
trenches spaced at a certain distance apart.

The near-field mode distributions of the planar and ridge
waveguides were measured via the end-face coupling ar-
rangement on an optical table (OMTOOLS, HGZT-24-12).
The dark mode spectra of the TGG planar waveguide were
recorded using a prism coupling instrument (Metricon Model
2010, USA). The topographic features of the ridge waveguide
were observed by a Nikon microscope with a 400x magnifi-
cation. The magneto—optical performance testing system was
constructed based on the end-face coupling system, as pre-
sented in Fig. 1. Using an He—Ne laser as the light source, the
incident light passed through a polarizer to become linearly
polarized light. After being focused by Objective 1 (20X,
N.A. = 0.65), the light was coupled into the optical waveg-
uide through its end-face. The light output from the other end
of the optical waveguide was focused through another objec-
tive (20, N.A. = 0.65), then passed through an analyzer, and
finally collected via a CCD camera. The transmittance direc-
tion of the polarizer was fixed, changing the transmittance di-
rection of the analyzer and observing the light field received
by the CCD. The corresponding transmittance angles of the
analyzer were recorded when the light field was completely
extinguished under the two conditions: with and without the
applied magnetic field around the waveguide. The difference
between these two angles represented the optical rotation an-
gle of the linearly polarized light after passing through the
waveguide under the corresponding magnetic field. In the ex-
periment, a constant magnetic field was provided by placing
magnetic rings at both ends of the waveguide, with the mag-
netic field direction parallel to the direction of light propaga-
tion. To avoid errors, the rotation angle was averaged over

several measurements.

. Analyzer
Polarizer Obj 1 Obj 2 |y

He—Ne laser

Fig. 1. Schematic diagram of the testing system for Faraday magneto—
optical effect.
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3. Results and discussion
3.1. Optical properties of the TGG planar waveguide

To analyze the damage caused by ion implantation, SRIM
2013 software?’! is used to simulate and calculate the energy
loss distribution for the proton implantation into the TGG. Fig-
ure 2 illustrates the relationship between nuclear energy loss
and implantation depth. The number of hydrogen ions in-
volved in the simulation is 5x10*. In the initial phase of the
proton range, the nuclear energy loss is small. With the in-
crease of the depth, the irradiated hydrogen ions have elastic
collision with the nuclei of the TGG, and the nuclear energy
loss gradually increases, reaching a peak loss of 1.2 eV/nm at
2.40 um. Eventually, a large number of hydrogen ions grad-
ually lose their energy and stop moving, creating a buildup at
the end of the proton range. In the deposition region, the vol-
ume of the material expands and the density decreases, thus
forming an optical barrier structure with the lower refractive
index.

(dE/dz), (10* eV /um)
o
&

O 1 1 1 1
0 05 10 15 20 25 3.0
Depth (pm)

Fig. 2. Energy loss distribution in the TGG during the hydrogen ion
implantation.

Figures 3(a) and 3(b) display the dark mode curves of
TE and TM polarization modes in the planar waveguide of the
TGG crystal implanted with the hydrogen ions at 632.8 nm,
respectively. It can be observed from the figures that there
are three dips in both polarization modes. Among them, the
first dip is relatively sharp, indicating that it is a good guided
mode. The second and third dips gradually flatten out at the
bottom, which may correspond to the leakage pattern. The
effective refractive indices corresponding to the first guided
mode (fundamental mode) in TE and TM polarization modes
are 1.9669 and 1.9675, both higher than the substrate refrac-
tive index of 1.9660. These results indicate that the waveguide
formed via the HT ions implanted into the TGG with the en-
ergy of 4x10~! MeV and the fluence of 6x 108 ions/um? has
a “well + barrier” type structure. In TE polarization mode,
the reflected light intensity of the first dip is 27%, which is
lower than that of the first guiding mode in TM polarization
mode, indicating that the waveguide at 632.8 nm has stronger
limiting ability to the light waves in the TE polarization mode.
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Fig. 3. Dark mode curves of the TGG implanted with hydrogen ions in
(a) TE and (b) TM polarization modes.
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Fig. 4. Refractive index distributions of the TGG planar waveguide im-
planted with hydrogen ions in (a) TE and (b) TM polarization modes.

The refractive index distribution determines the optical
transmission performance of an optical waveguide, which is
a significant factor in the study of waveguide characteristics.
According to the effective refractive index corresponding to
each guided mode in the dark mode curve and the implantation
depth calculated by SRIM software, the refractive index dis-
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tribution of the proton-implanted TGG planar waveguide was
reconstructed by the reflection calculation method (RCM). 8]
Figures 4(a) and 4(b) show the refractive index distributions
at 6.328x 10~ um in TE and TM polarization modes, respec-
tively. The refractive index within the 0 pm-2.1 pm region
has increased, with increases of 0.0035 and 0.0028 for TE
and TM polarizations, respectively, compared with the sub-
strate refractive index. The optical barrier region is located
in the depth range of 2.1 um-3.0 pm, and the refractive in-
dex is lowest at 2.25 pm, which is 0.001 lower than the TGG
refractive index. Therefore, the region of elevated refractive
index between the air and the optical barrier can be used as a
waveguide core for transmitting light waves. Furthermore, the
index difference between the core and the cladding is 0.0043
for TE and 0.0033 for TM, and the effective refractive index
of fundamental mode is higher than the lowest refractive index
of the barrier. Tables 1 and 2 present comparisons between
the experimental and simulated effective refractive indices for
the TE and TM polarization modes. The differences between
the experimental and simulated values are within the range of
0.0001 to 0.001, indicating that the refractive index profile of
the optical waveguide fitted using RCM is reasonable.
Table 1. Comparisons of experimental and simulated effective refrac-

tive indices in TE polarization mode of the H" -implanted TGG planar
waveguide.

Effective refractive index

Mode order
Measurement Simulation Difference
TEy 1.9669 1.9665 0.0004
TE, 1.9608 1.9578 0.003
TE, 1.9468 1.9497 -0.0029

Table 2. Comparisons of experimental and simulated effective refrac-
tive indices in TM polarization mode of the HT -implanted TGG planar
waveguide.

Effective refractive index

Mode order
Measurement Simulation Difference
TMy 1.9675 1.9662 0.0013
T™; 1.9615 1.9582 0.0033
T™, 1.9480 1.9507 -0.0027

The guiding properties of optical waveguides directly de-
termine the performance of their waveguide devices. The near-
field intensity profile of the TE( polarization mode of the TGG
planar optical waveguide at 6.328 x 10~ pm is collected using
an end-face coupling setup, as illustrated in Fig. 5(a). Fig-
ure 5(b) depicts the simulated near-field intensity profile of
the TE, polarization mode at 6.328x 10! um obtained using
the FD-BPM.[?) The experimental result has a high similar-
ity with the simulated one, both of which can display a bright
and continuous stripe, almost no light leakage phenomenon.
The light wave is well confined in the waveguide layer, and
the waveguide has excellent light conduction performance. In

addition, the longitudinal limit range of the waveguide is about
2.2 um, which is basically consistent with the peak position of
nuclear energy loss. It proves that the nuclear energy loss is
the main cause of the refractive index change.

Fig. 5. (a) Measured and (b) simulated near-field light intensity distributions
of the H -implanted TGG planar optical waveguide.

3.2. Optical and magneto—optical properties of TGG ridge
waveguide

The ridge waveguide with the width of 20 um was pre-
pared on the surface of the H-implanted TGG planar waveg-
uide via the femtosecond laser ablation technique along the
light propagation direction. Figure 6 is the top-view of the
ridge waveguide taken by a Nikon microscope. There are a
few black spots on the upper surface of the ridge waveguide,
possibly due to the laser scanning at a slow speed, causing pro-
longed exposure to the material surface and resulting in ther-
mal effects. It should be noted that in the ablation process, the
groove depth is larger than the waveguide thickness.

SR e

Fig. 6. Top-view of the TGG ridge waveguide prepared by the FS-laser
ablation.

The near-field intensity profile of the 20-pm wide ridge
waveguide on the TGG crystal is measured via the end-face
coupling device, as demonstrated in Fig. 7(a). It can be ob-
served that the ridge waveguide can limit the beam propa-
gation in the vertical and horizontal directions at the same
time, which can transmit the light wave with a wavelength of
6.328x 107" um well. Slight light leakage may be caused by
the poor polishing on the end face. Figure 7(b) reveals the
mode field image of the ridge waveguide simulated via the FD-
BPM. It can be found that there is a high degree of similarity
with the actual measurement result, which also suggests that
the refractive index distribution reconstructed by the RCM is
reasonable. Based on the end-face coupling device, the input
and output powers of both the planar and the ridge waveguides
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are measured by a power meter (Thorlabs), and the propaga-
tion loss is calculated, as shown in Table 3. The propagation
losses of the TGG crystal planar and ridge optical waveguides
are 2.26 dB/cm and 2.58 dB/cm, respectively.

Table 3. Propagation losses of the TGG planar and ridge waveguides.

Pp (mW) Pout (mW) o (dB/cm)
Planar waveguide 3.7 2.2 2.26
Ridge waveguide 3.8 2.1 2.58

10 pm

Transverse mode profile
(m =0, neg = (1.967062,7.019X10-16)) ; ¢

20 () ] l

10

—10

Vertical direction (pm)
o

—20
—40 —20 0 20 40 0

Horizontal direction (pm)

Fig. 7. (a) Measured and (b) simulated near-field intensity profiles of
the TGG ridge waveguide.
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Fig. 8. The linear variation of Faraday rotation angle of (a) the TGG
substrate and (b) the ridge waveguide with the applied magnetic field.

The magneto—optical response characteristics are impor-
tant for magneto—optical devices!*>=%! The phase mismatch
between the TE and TM orthogonal modes can be ignored, and
the Faraday rotation effect can occur in the TGG ridge waveg-
uide under an external magnetic field. In order to investigate
the Faraday rotation performances, the rotation angles of the
substrate and the ridge waveguide of the TGG crystal under
different magnetic field intensities are measured, and then a
straight line is fitted by a least square method to calculate the
corresponding Verdet constant, as shown in Fig. 8. The Verdet
constants obtained for the substrate and the ridge waveguide
are —72.7 °/T-cm and —60.7 °/T-cm, respectively. The waveg-
uide region exhibits a slightly lower Verdet constant compared
with the substrate, yet it largely retains the magneto—optical
properties of the bulk material. It demonstrates the potential
for fabricating high-performance waveguide magneto—optical
devices.

4. Conclusion

The planar waveguide was prepared via the hydrogen ion
implantation at the energy of 4x 10~! MeV and the fluence of
6x 10% ions/um? on the TGG crystal, and the ridge waveguide
was fabricated by the FS-laser ablation technique. The mech-
anism of the waveguide formation by the ion implantation was
analyzed via the SRIM software. It is found that the nuclear
energy loss reaches a peak at 2.4 um, and the optical barrier
with the reduced refractive index is formed. The refractive in-
dex distribution of the planar waveguide was fitted with the
RCM, and the waveguide structure is a typical “well + bar-
rier” type. The near-field light intensity distributions of the
planar and ridge waveguides at 6.328x 10~ um were mea-
sured via the end-face coupling system. The results suggest
that the two waveguides can effectively limit the beam trans-
mission, and the propagation losses of the two waveguides
are 2.26 dB/cm and 2.58 dB/cm, respectively. The Verdet
constants in the TGG substrate and the ridge waveguide are
—72.7 °/T-cm and —60.7 °/T-cm, based on the end-coupling
system. This indicates that the ridge waveguide effectively
preserves the excellent Faraday rotation characteristics of the
TGG crystal. These findings establish a foundation for devel-
oping micron-sized magneto—optical devices.
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