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Terbium gallium garnet (Tb3Ga5O12, TGG) crystal can be used to fabricate various magneto-optical devices due to its
optimal Faraday effect. In this work, 400-keV He+ ions with a fluence of 6.0×1016 ions/cm2 are irradiated into the TGG
crystal for the planar waveguide formation. The precise diamond blade dicing with a rotation speed of 2×104 rpm and a
cutting velocity of 0.1 mm/s is performed on the He+-implanted TGG planar waveguide for the ridge structure. The dark-
mode spectrum of the He+-implanted TGG planar waveguide is measured by the prism-coupling method, thereby obtaining
the relationship between the reflected light intensity and the effective refractive index. The refractive index profile of the
planar waveguide is reconstructed by the reflectivity calculation method. The near-field light intensity distribution of the
planar waveguide and the ridge waveguide are recorded by the end-face coupling method. The He+-implanted and diamond
blade-diced TGG crystal planar and ridge waveguides are promising candidates for integrated magneto-optical devices.

Keywords: TGG crystal, optical waveguide, ion implantation, precise diamond blade dicing
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1. Introduction
With the rapid development of communication technol-

ogy, short-distance information propagation has higher re-
quirements for the volume, cost and integration of communi-
cation device. Optical waveguides can be adopted to fabricate
multifunctional and miniaturized devices.[1,2] They are physi-
cal elements that confine electromagnetic waves in the micron-
scale structures based on the total reflection principle.[3] Ac-
cording to the dimensions of confinement light, they can be
divided into planar waveguides and ridge waveguides.[4] A
planar waveguide is usually composed of three layers of di-
electric media. The refractive index of the upper layer and
lower layer are smaller than that of the core layer wrapped
in the middle. Furthermore, a ridge waveguide can confine
the energy of light field in both horizontal direction and ver-
tical direction.[5] It is easy to build a stable and reliable op-
tical circuit system. Therefore, the ridge waveguide is more
widely used in integrated optics, compared with the planar
waveguide.[6] In short, as the basic building blocks of inte-
grated optics and optical communication, the waveguides can
act as the channel through which signal light is propagated,
and thus bridging between the different devices.[7]

In 1968, ion implantation proved for the first time that it
can induce the refractive index of the transparent medium to
change and can be used to prepare an optical waveguide.[8]

Then, extensive and in-depth researches have been carried out

in this field.[9–12] Compared with the other techniques for the
waveguide construction, ion implantation has many advan-
tages, such as high processing precision, wide applicable tem-
perature range, and strong repeatability.[13] In the irradiation
procedure, the ions with the energy of some keV/MeV are
used to bombard the target crystal in the implantor or accel-
erator. A series of interactions between the irradiation ions
and the particles of the target crystal will occur. The implan-
tation ions gradually lose their energy and finally stay in the
target crystal, causing the properties (such as the refractive in-
dex) of the sample surface to change.[14] Then, the waveg-
uide structure on the order of microns is formed. Furthermore,
the depth of ion implantation into the target material and the
thickness of the damage layer can be controlled by adjusting
the energy and dose of implanted ions.[15] However, ion im-
plantation can be used only to fabricate one-dimensional (1D)
waveguides. To fabricate two-dimensional (2D) waveguides,
ion implantation needs to be combined with other surface pro-
cessing techniques, such as precise diamond blade dicing[16]

and femtosecond laser ablation.[17] Owing to the high Mohs
hardness of the diamond blade, the diamond blade with a fast
rotation can dice long grooves on the surface of the planar
waveguide.[18] The part between two parallel adjacent grooves
is the ridge waveguide.

As optical communication puts forward higher require-
ments for the performances of waveguides, the search for more
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suitable host materials has become an urgent task.[19] Ter-
bium gallium garnet (Tb3Ga5O12, TGG) is a kind of magneto-
optical crystal. It has some unique advantages, such as large
Verdet constant (35 rad·T−1·m−1), high thermal conductiv-
ity (7.4 W·m−1·K−1), and high laser damage threshold (>
1 GW/cm2).[20,21] The Tb3Ga5O12 crystal plays a vital role
in Faraday rotators and optical isolators. Therefore, investiga-
tions on the optical characteristics of the TGG waveguide is of
great significance in developing passive devices in the field of
optical communications. The ion implantation, such as carbon
and silicon ion implantation, has been adopted to manufac-
ture 1D and 2D TGG waveguides.[22,23] However, the explo-
ration of the planar waveguide and the ridge waveguide by the
He+-ion implantation combined with the diamond blade dic-
ing in the TGG crystal has not been reported to the best of
our knowledge. In the present work, the fabrication and op-
tical properties of planar waveguide and ridge waveguide in
the TGG crystal by the He+-ion irradiation and the diamond
blade dicing are discussed in detail. It provides the possibility
for the development of TGG waveguides as integrated Faraday
magneto-optical devices.

2. Experiments and simulations
The TGG crystal with a dimension of 10.0 mm × 5.0 mm

× 1.0 mm was purchased from CASTECH Inc. Its largest
surface and the smallest surface were both optically polished
for the waveguide fabrication and property measurement. The
He+-ion implantation was carried out on one TGG crystal sur-
face with an area of 5.0 mm×10.0 mm for the fabrication of
the planar waveguide as shown in Fig. 1(a). The energy and
dose of the He+ ions were 400 keV and 6.0×1016 ions/cm2,
respectively. The He+-ion implantation was performed at
room temperature at Jinan Jingzheng Electronics Co., Ltd.
(China). For the formation of the 2D waveguide, the surface
of the planar waveguide was diced by a resin-bonded diamond
blade with a thickness of 200 µm as shown in Fig. 1(b). A
ridge structure was fabricated into the structure with a width
of 30 µm. In order to avoid cracks in the dicing process, the
rotation speed and cutting velocity of the blade were set to be
2×104 rpm and 0.1 mm/s, respectively.

Helium ion beam

TGG crystal

Dimaond blade

Waveguide
layer

Substrate

(b)(a)

Fig. 1. Schematic diagrams of TGG waveguide fabrication, showing (a)
He+-ion implantation and (b) precise diamond blade dicing.

The prism-coupling method (Metricon Model 2010,
USA) was employed to measure the m-line curve of the planar

TGG waveguide. A prism whose refractive index is 2.8648 at
632.8 nm was used to couple light into the optical waveguide
from its polished surface with a width of 5.0 mm and a length
of 10.0 mm. There was a thin air layer between the prism
and the optical waveguide. When light was incident from the
prism, evanescent waves were present in the air layer. If the in-
cident angle of the beam was equal to a certain value, evanes-
cent waves would enter into the waveguide. The dark-mode
spectrum with some dips would be obtained at the same time.

The refractive index change of the host material induced
by the implanted ions is affected by many factors, such as
the parameters of the implanted ions and the property of the
matrix substrate. Reflectivity calculation method (RCM) is a
technique used to calculate the refractive index profile of the
planar optical waveguide, based on the parameters of the dark-
mode characteristics (such as effective refractive index). In the
simulation process, the parameters of the curve were continu-
ously adjusted so that the difference between the simulated
effective refractive index of the guided mode and the corre-
sponding experimental datum is on the order of 10−3. Then,
it is considered that the fitted refractive index distribution is
close to the actual one.

The end-face coupling method was utilized to record the
modal profiles of the planar waveguide and ridge TGG waveg-
uide as shown in Fig. 2. An optical lens or microscope ob-
jective was used to focus the He–Ne laser (DH-HN250) light
on the front end-face of the optical waveguide. After the light
propagated in the waveguide, it was collected by the second
lens or microscope objective. Finally, the guiding properties
of the waveguide were characterized by the detection equip-
ment such as a charge coupled device (CCD, CinCam CMOS-
1201) and a power meter. In the experiments, the waveguides
were placed on a three-dimensional (3D) motorized platform
to achieve the precise adjustment of the waveguide positions.

CCD

TGG

Obj2 Obj1
He-Ne laser

Fig. 2. Schematic diagram of end-face coupling system for recording the
modal profiles of planar waveguide and ridge TGG waveguide.

3. Results and discussion
For exploring the mechanism of the planar waveguide for-

mation and refractive index change, the SRIM 2013 software
(Stopping and Range of Ions in Matter 2013)[24,25] is used to
simulate the electronic energy loss and nuclear energy loss for
the 400-keV He+-ion implantation into the TGG crystal as
shown in Fig. 3. It can be seen that in an irradiation range
of 0 µm–0.9 µm, the main energy loss is the electronic energy
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loss. Figure 3(a) shows that with approaching the sample sur-
face, the electronic energy loss is greater. Its maximum value
is 524.3 keV/µm. At a depth of 1.02 µm, the nuclear energy
loss reaches a maximum value of 32.1 keV/µm as indicated in
Fig. 3(b), which is caused by the elastic collision between the
irradiation ion and the nucleus of the target TGG crystal. In
general, the ions disrupt the ordered structure of the lattice at
the end of the irradiation range, resulting in a damage to layer
in the crystal. An optical barrier will be formed at the end of
the implantation range, resulting in the decrease of refractive
index in this region.[26,27]
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Fig. 3. (a) Electronic energy loss and (b) nuclear energy loss for the 400-keV
He+-ion implantation into the terbium gallium garnet crystal by the SRIM
2013 simulation.

Air layer

Substrate layer

Core layer

5 mm
(a) (b) (c) 50 mm30 mm

Air

AirAir

TGG

Fig. 4. (a) Micrograph of cross-section of planar waveguide, (b) end-face
photograph, and (c) photo of surface of ridge TGG waveguide.

Figure 4(a) shows the microscopic image of the cross-
section of the TGG planar waveguide taken by a metallo-
graphic microscope (Axio Imager A2m) under the transmis-
sion mode. The planar waveguide is about 1.08-µm thick,
which is consistent with the range of the 400-keV He+-ion

irradiation simulated by the SRIM 2013. Figures 4(b) and 4(c)
show the photograph of end-face and surface of the ridge TGG
waveguide measured by a Nikon microscope. As one can see,
a pair of parallel air grooves with a lateral spacing of 30 µm
is constructed on a 1D TGG waveguide after implementing
the precise diamond blade dicing. Therefore, the light can be
confined by the optical barrier layers (and the air layer) in the
vertical direction and by the air grooves in the horizontal di-
rection.

Dark-mode characteristics of the 400-keV He+-
implanted TGG planar waveguide at TE mode is measured
by the prism coupling system, and the results are shown in
Fig. 5. Each dip in the dark-mode spectrum corresponds to
a guided mode of the planar TGG waveguide. It can be seen
that there are three dips at a wavelength of 632.8 nm. In prac-
tice, the effective refractive index is often used to characterize
the angle of incidence. It is because the effective refractive
index of the mode measured by the prism coupling system is
a necessary parameter for fitting the refractive index profile of
the waveguide by the RCM.[28,29] The first dip is sharp and
represents the real guided mode, whose effective refractive
index is 1.9464. The remaining two dips are relatively broad,
indicating that they are the irradiation modes.[30–32] The re-
fractive index of the TGG substrate is 1.9660, which is also
measured by the prism-coupling method. By comparing the
refractive index of the mode with th the substrate, it can be
found that the effective refractive index of the guided mode
is lower than that of the TGG substrate. It suggests that there
may be an optical barrier with the reduced refractive index in
the TGG crystal after implementing the ion implantation.[33]

46 44 42 40 38 36
0

20

40

60

80

100

R
e
la

ti
v
e
 i
n
te

n
si

ty
 o

f 
li
g
h
t 

(%
)

(a)

2.1 2.0 1.9 1.8 1.7
0

20

40

60

80

100

Effective refractive index

R
e
la

ti
v
e
 i
n
te

n
si

ty
 o

f 
li
g
h
t 

(%
)

(b)

Incident angle (O)

Fig. 5. Relative intensity of light versus (a) incident angle and (b) effective
refractive index for He+-implanted TGG waveguide.
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The refractive index distribution of the 400-keV-He+-
implanted TGG planar waveguide at 632.8 nm is reconstructed
by the RCM[34,35] as shown in Fig. 6. From the figure,
the maximum refractive index change is 0.02 at a depth of
1.06 µm. In addition, the surface refractive index is reduced
by 0.006 from 0 to 0.7 µm. Therefore, the refractive index
distribution of the He+-implanted TGG waveguide is of a typ-
ical “optical barrier” type. Therefore, the waveguide core is
the layer from the TGG crystal surface to the optical barrier.
Furthermore, the depth of the optical barrier calculated by the
RCM is 1.048 µm, which is close to the value of 1.02 µm
calculated by the SRIM 2013.
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Fig. 6. The refractive index profile of the He+-implanted TGG planar
waveguide.

(a) (b)

Air

TGG

Air

AirAir

TGG

Fig. 7. Near-field light intensity distributions of (a) planar TGG waveguide
and (b) ridge TGG waveguide.

The end-face coupling method is used to measure the
near-field light intensity distribution at 632.8 nm for the planar
waveguide and the ridge waveguide formed by the He+-ion
implantation and the precise diamond blade dicing in the TGG
crystal, as shown in Fig. 7. In Fig. 7(a), the planar waveg-
uide fabricated by the He+-ion implantation can well support
the propagation of light. That is to say, light can continuously
and uniformly propagate in the planar waveguide. Further-
more, in Fig. 7(b) the near-field light intensity distribution of
the ridge TGG waveguide constructed by the combination of
the He+-ion irradiation and the diamond blade dicing has a
clear boundary and the light is completely distributed in the
ridge structure. It indicates that the ridge waveguide confines
the light propagation well and no light leaks into air and the
substrate. In addition, the uneven distribution of the light prop-
agation is caused mainly by the poor polishing of the end-face

of the TGG crystal. Propagation loss is an important parame-
ter to reflect the performances of a waveguide. Based on the
end-face coupling system, the propagation losses of the planar
TGG waveguide and the ridge TGG waveguide each with a
length of 10 mm are estimated at 2.5 dB/cm and 2.9 dB/cm for
the fundamental mode, respectively. The attenuation value of
the ridge waveguide is larger than that of the planar waveguide,
which is due to the roughness of the groove faces, induced by
the diamond blade dicing process.[36,37]

4. Conclusions
The planar and the ridge waveguide structure are fabri-

cated on the TGG crystal by a combination of the 400-keV
He+-ion implantation with a fluence of 6.0×1016 ions/cm2

and the 0.1-mm/s diamond blade dicing with a rotation speed
of 2.0 × 104 rpm. Based on the prism-coupling technique,
there is one propagation mode on the m-line curve with an
effective refractive index of 1.9464 for the planar waveguide.
The refractive index of the planar waveguide core is 0.0014
higher than that of the optical barrier layer, according to the
RCM simulation. The near-field light intensity distributions
measured by the end-face coupling method suggest that the
planar waveguide and the ridge waveguide can confine light
propagation in the 1D direction and 2D direction with good
guiding performances, respectively. They have the potential to
server as Faraday rotators and waveguide isolators.
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