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Abstract: Strip optical waveguides were realized in Yb3+-
doped silicate glass with ultrashort pulse laser ablation
assisted He+ ion implantation. Planar waveguides were
first prepared near the glass surface by He+ ion implanta-
tion (450 keV + 500 keV + 550 keV), followed by annealing
at 260℃. After that, under the processing parameters of
3 μJ energy and 50 μm/s ablation velocity, two parallel
tracks with separation of 15, 20, and 25 μm were, respec-
tively, inscribed on the sample, which confine the light in
lateral direction to form a strip waveguide. The near-field
intensity measurement indicates that the strip waveguides
maintain the single-mode propagation characteristics with
976 nm laser injection, and present the multi-mode char-
acteristics with 632.8 nm laser injection, showing that the
guided modes are well supported in the strip waveguides.
The minimum propagation loss of strip waveguide is
1.35 dB/cm. Fluorescence emission spectra indicate that
the gain properties of waveguide core were maintained
well after waveguide preparation, revealing that the strip
waveguide device in Yb3+-doped silicate glass has the

potential to become an active device as waveguide laser
or waveguide amplifier.

Keywords: strip optical waveguide, Yb3+-doped silicate
glass, ion implantation, femtosecond laser ablation

1 Introduction

Integrated photonic devices [1–6], due to their compact
size, low insertion loss, various functions ,and low power
consumption, have attracted much attention in recent
years. As the most basic integrated photonic component,
optical waveguides can not only connect various photonic
devices in series and provide basic functions such as cou-
pling, routing, and polarization [7–10], but also present
enhanced optical properties (optical amplification, lasing,
nonlinearity, etc.) [11–14], which is due to the fact that
optical waveguides confine light propagation in a small
volume compared with light beam propagation in bulk
media. Among these optical waveguide devices, active
gain waveguides (waveguide lasers and waveguide ampli-
fiers), which provide the light source of the whole inte-
grated optical circuit, is responsible for promoting the
integration of photonic chips [15,16]. Compared with
the traditional solid-state lasers with bulk gain media,
the active gain waveguides have higher pump laser power
density and higher degree of overlap between pump beam
and signal beam due to the confinement of their wave-
guide structures. In addition, with appropriate parameters
of laser cavity mirrors, the pump threshold will be greatly
reduced. Consequently, the key to realize waveguide laser
or waveguide amplifier in gain media is to prepare high-
quality waveguide and maintain the active gain character-
istics of waveguide region.

Rare earth ions, as important doped ions, play a role
in providing laser emission in solid-state laser materials.
Yb3+ ions have attracted extensive attention due to the fact
that the emission spectrum ranges from 0.9 to 1.1 μm in the
near-infrared band. Recently, the rapid improvement in
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ion doping technology in different optical media has pro-
moted the emergence of many excellent laser dielectric
materials. Among them, Yb3+-doped silicate glass is a
representative laser material with high thermal stability
and high laser damage threshold [17]. In addition, com-
bined with the lattice structure properties of silicate glass
substrate materials, Yb3+ ions in silicate glass show the
characteristics of narrow-band absorption spectrum and
wide-band emission spectrum. The low energy state 2F7/2
and high energy state 2F5/2 constitute the simple electronic
energy level scheme of Yb ions, which allows Yb3+ ions to
be highly doped in silicate glass without concentration
quenching. Furthermore, the millisecond fluorescence life-
time of Yb3+ ions in silicate glass is favorable to obtain
higher pulse energy in Q-switched pulse lasers and Q-
switched pulse amplifiers. Therefore, Yb3+-doped silicate
glass is an ideal substrate material for the preparation of
active photonic devices.

Recently, various preparation techniques have been
adopted to obtain high-quality optical waveguides in dif-
ferent material substrates, such as ion exchange [18,19],
ion implantation [20–23], laser direct writing [24–26],
and so on. Ion implantation, which can introduce charged
ions with energy of hundreds of keV to several MeV into
the near surface region of the substrate material and cause
the modulation of refractive index to form a waveguide
structure, is a widely used waveguide fabrication method.
Moreover, during the implantation process, the energy and
dose of ions can be accurately controlled [27], which
allows the refractive index to be regulated. In addition,
in general, the performance of the materials were well
maintained in the region of ion implantation [28]. How-
ever, the waveguide prepared by ion implantation without
any auxiliary means is only one-dimensional planar wave-
guide structure. This one-dimensional waveguide struc-
ture confines light only in the vertical direction, which
will lead to lower light intensity and low coupling effi-
ciency in the cascade with photonic devices such as
optical fibers. Therefore, the two-dimensional (2D) struc-
ture waveguide, which can improve the interconnection
efficiency of various devices, shows great advantages in
the integrated optical circuit. Ultrashort pulse laser abla-
tion assisted ion implantation is a powerful method to
fabricate strip waveguides [29–31]. Following the step of
forming a planar waveguide by ion implantation, the laser
beam with high peak power is concentrated into a tiny
volume in the waveguide region, and then the local mate-
rial will be removed due to the strong interaction between
the laser and the material induced by nonlinear absorption.

In the whole process, due to the localization of nonlinear
absorption and ultrashort interaction time, the materials
outside the focus area will not be affected. In addition,
different from the traditional mask-assisted ion implanta-
tion process, which needs to replace the masks with dif-
ferent structures to meet the preparation requirements of
waveguides with different sizes, femtosecond laser abla-
tion assisted ion implantation can easily realize strip
waveguides of different sizes only by the relative move-
ment between the laser focus and the sample. Moreover,
the strip waveguide with complex 2D structure, such as
curved 2D waveguide, waveguide couplers, waveguide
beam splitters, etc., can be easily realized by femtosecond
laser ablation, which allows it to become a powerful
means of 2D waveguide preparation. Therefore, ultrashort
pulse laser ablation assisted ion implantation technology
effectively integrates the advantages of the two prepara-
tion technologies, and provides an economic, convenient,
and efficient solution for 2D waveguide preparation.

In integrated optics, low insertion loss cascading with
small-scale photonic devices requires a planar waveguide
structure with a thinner core layer. He+ ion implantation
and H+ ion implantation, both of which are typical light
ion implantation, are commonly used to form planar
waveguides in different optical materials due to their rela-
tively negligible perturbation to the lattice structure of the
substrate. In general, under the same irradiation energy,
the penetration depth of He+ ions is less than that of H+

ions, and the depth of the optical barrier formed by He+

ions is also less than that of the optical barrier formed by
H+ ions. Therefore, it is easy for He+ ion implantation to
form planar waveguides with small core layers. In this
work, the strip waveguides have been successfully pre-
pared in Yb3+-doped silicate glass by He+ ion implantation
combined with ultrashort pulse laser ablation technology
for the first time, to our knowledge. The vacancy distribu-
tion in the planar waveguide implanted with He+ ions
was numerically analyzed. The end face morphologies
and guided mode characteristics of waveguides with dif-
ferent laser ablation parameters were systematically inves-
tigated. The results indicate that the waveguides support
single-mode propagation with 976 nm laser injection and
the multi-mode propagation with 632.8 nm laser injection.
The propagation loss of the strip waveguide can reach the
lowest value of 1.35 dB/cm. The micro-fluorescence mea-
surement shows that the laser properties of the material
were well preserved after the waveguide preparation pro-
cess. These properties provide the potential to fabricate
active photonic devices in the future.
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2 Experimental setup

The Yb3+-doped silicate glass sample (2 mol% Yb2O3) was
obtained from Xi′an Institute of Optics and Precision
Mechanics of Chinese Academy of Sciences. In order to
facilitate waveguide processing (ion implantation and
laser ablation), the sample was cut into a size of 10mm
× 6mm × 2 mm and optically polished. The first step in
the preparation of 2D waveguide is to construct a planar
optical waveguide by triple energy (450 keV + 500 keV +
550 keV) He+ ion implantation in the region below the
sample surface. Figure 1(a) shows a schematic diagram
of He+ ions implantation to form a planar optical wave-
guide, in which 450 keV He+ ions (2 × 1016 ions/cm2)
were first implanted into the top surface of the sample,
and then 500 and 550 keV He+ ions with the same dose
(2 × 1016 ions/cm2) were sequentially implanted into the
surface of the sample to obtain a broadband barrier and
optimize the tunnel loss. It should be pointed out here
that in the process of triple ion implantation, the ion
beam current densities have been strictly controlled at
a low level to avoid the impact of thermal effect. Then,
after the ion implantation process, the planar wave-
guide samples were annealed for 60 min in an air envir-
onment at 260℃ for elimination of internal damage of
materials release and low waveguide propagation loss.

The second processing step is to ablate with ultrafast
laser to form strip waveguide, as depicted in Figure 1(b).
The Ti3+:sapphire CPA amplification system (Spitfire, SP)
delivers laser pulses (808 nm, 1 kHz) to the sample surface
by an objective lens, and the pulse width was measured to
be 150 fs behind the objective lens. A 1/2λ plate followed by
a polarizer were placed in front of the focusing microscope
objective to adjust the laser energy delivered onto the
planar waveguide. It is worth mentioning that the laser
energy irradiated on the sample is measured after the

microscope objective. In our experiment, the pulse energy
was set to a moderate value of 3 μJ, and the scan speedwas
50 μm/s, which means that 20 pulses are deposited in the
range of 1 μm.

With such processing parameters, the size of the
ablation groove at the track of the laser focus presents
a moderate morphology, which can meet the require-
ments of cutting through the planar waveguide without
causing wider damage. In order to confine the light on
both sides of the horizontal direction of the planar wave-
guide, two parallel ablation grooves were constructed to
realize the strip waveguide structure. Parallel ablation
grooves with double line spacing of 15, 20, and 25 μm
were inscribed on the sample surface, respectively.

A charge coupled device (CCD) camera on an optical
transmission microscope was employed to record the mor-
phology image of the prepared planar waveguide. An end
coupling measurement system, as depicted in Figure 2, was
employed to investigate the guided mode characteristics of
planar waveguides. The 976nm laser is injected into thewave-
guide input with a 20× objective. At the other end of the
waveguide, the light intensity at the output end of the wave-
guide is collected using a microscope objective with the same
focal length (f = 10mm) and imaged onto the CCD camera. All
lenses and sample mentioned above were mounted on the 6D
optical precision stage for easy adjustment.

3 Results and discussion

3.1 The vacancy distribution

The vacancy distribution of planar optical waveguides formed
by (450 keV + 500keV + 550 keV) He+ ion implantation is

Figure 1: (a) Optical waveguide preparation by triple energy He+ ion implantation; (b) strip waveguide preparation with ultrashort pulse
laser ablation technology.
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numerically simulated by SRIM 2013 [32]. The vacancy
distributions corresponding to ion implantation conditions
with He+ ion energy of 450, 500, and 550 keV and the
total vacancy distribution are, respectively, illustrated in
Figure 3. The vacancy distribution is a function of depth
from the surface, and the corresponding vacancy distribu-
tion depth increases with the increase in the energy of
implanted ions. The corresponding depth of 550 keV ion
implantation exceeds 2 μm, which indicates that the triple
energy ion implantation can effectively increase the cov-
erage depth of vacancy distribution. As can be seen in
Figure 3, the total vacancy distribution reaches a max-
imum value of 0.0015 at a depth of 1.86 μm.

The mechanism of refractive index modification can
be explained by the interaction between He+ ions and
substrate during ion implantation [33–36]. According to
the movement process of He+ ions, the region near the
sample surface can be divided into two regions, one is
the region swept by the movement track of He+ ions, and
the other is the region where the end of the movement
track of He+ ions is located, that is, the deposition region
of He+ ions.

In the first region, high-speed implanted ions often
transfer energy to the matrix material through inelastic
collision and ionization, resulting in local refractive index
modification. In view of the light mass of He+ ions,
the energy transfer of collision can be ignored and
only the effect of ionization (e.g., Si–O bond breaking)
on the refractive index can be considered [34]. In the
ionization process, the breaking of the bond of the
host material will lead to volume compression and den-
sification, resulting in the refractive index in the He+ ion
movement trace being higher than that in the sur-
rounding area. In addition, as mentioned in ref. [35],
the volume compression caused by ionization will be
easily saturated at a low value. Eventually, there will
be a slight increase in the refractive index in this region,
thus forming a “well” for the beam.

Almost at the same time, the implanted light He+ ions
are distributed at the end of the trace, replacing the ori-
ginal ions in the base material, such as Na+ ions, which
will form relative vacancies and reduce the local density.
Finally, this will form a low refractive index cladding as a
“barrier” for the guided mode. Combined with the air
cladding on the sample surface and the above two refrac-
tive index modification mechanisms, the refractive index
distribution forms a typical “well + barrier” region. In this
way, a planar optical waveguide is realized, which con-
fines the light in the region below the surface.

3.2 Waveguide morphology and guided-
mode properties

In order to form a strip waveguide with sufficient ablation
depth without causing extensive damage, the pulse energy
is strictly controlled at 3 μJ during the whole laser proces-
sing process, as mentioned in Section 2. At the same time,
the scan speed of the pulsed beam is fixed at 50 μm/s,
which means that about 20 pulses are deposited in the
range of 1 μm, averagely. Finally, two parallel air grooves
form the waveguide cladding in the horizontal direction,

Figure 2: The schematic of the experimental setup for near-field intensity measurement. The coupling laser sources are 976 nm LD laser and
632.8 nm He–Ne laser.

Figure 3: Vacancy distributions of waveguides fabricated under
different ion implantation conditions.
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and then the strip waveguide is constructed. In the experi-
ment, the double line spacing of 15, 20, and 25 μm were
investigated, respectively. Figure 4 shows the top view
and end view optical micrograph of the morphologies of
the strip waveguides with different double line spacings.
The shapes of the double grooves are uniform and parallel,
as depicted in Figure 4(a–c). Figure 4(d–f) shows that
the depth of the air groove is 3.5 μm, which is enough to
confine the guided mode in the horizontal direction.
Combined with the optical confinement in the vertical
direction, a strip waveguide can be formed. It is worth
mentioning here that the stress distribution will appear
near the air groove ablated by laser, which will com-
press the volume of the medium around the groove
and improve the local density, and finally increase the
refractive index slightly.

In the end coupling measurement system, a 976 nm
laser and a 632.8 nm laser are used as coupling light
sources, respectively. A 20× objective lens (coated with
antireflective film in the band of 600–1,100 nm) delivers
the laser to the waveguide. At the other end of the wave-
guide, the output laser will be collected and imaged
on the CCD camera by an objective lens with the same
focal length (f = 10 mm). Figure 5(a–c) shows the near-
field mode intensity images of planar waveguides with

transverse widths of 15, 20, and 25 μm at 976 nm laser
injection. It represents that the transverse dimension
of the guided mode increases with the double line spa-
cing, but still maintains the single-mode propagation
characteristics.

While maintaining other experimental measurement
conditions, only the injected laser was replaced with the
632.8 nm He–Ne laser for the measurement of near-field
mode. Figure 5(d–f) depicts the guided-mode images of
strip waveguides with double line spacing of 15, 20, and
25 μm under this 632.8 nm injection condition, respec-
tively. Figure 5(d) shows that few mode propagations in
the horizontal direction have been supported in a wave-
guide with a transverse width of 15 μm. Figure 5(e) and (f)
shows that as the waveguide width increases, higher-
order modes emerge in the horizontal direction. The
results show that under the condition of 632.8 nm injec-
tion, the beam is still well confined in the waveguide
region. More importantly, the emergence of higher-order
modes under short wavelength injection conditions also
provides a means of waveguide mode conversion, such as
waveguide mode converter. The abovementioned single-
mode and multi-mode near-field intensity distributions
are also consistent with the structural characteristics of
planar waveguides.

Figure 4: The top view (a–c) and end view (d–f)microphotographs of the morphologies of the strip optical waveguides with different double
line spacings.
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The refractive index modification of planar waveguide
core caused by He+ ion implantation can be roughly esti-
mated by the measurement of the waveguide numerical
aperture. Based on the end coupling measurement system,
an iris with adjustable aperture is placed in front of the
input coupling lens. By carefully adjusting the diameter
of the iris, the maximum incident angle of the waveguide
can be obtained. The refractive index modification ( nΔ ) is
estimated to be about 0.007 by using the expression as
follows:

=n Θ
n

Δ sin
2

,m
2

(1)

where Θm is the maximum incident angle, and =n 1.616
represents the refractive index of the He+ ions free region
in the substrate.

With the same end coupling system, the propagation
loss of the strip waveguides can also be estimated by the
insertion loss of the waveguide. In order to eliminate the
influence of Yb3+ ions absorption on the insertion loss
measurement, here we choose 1,053 nm fiber laser as the
injection light source (outside the absorption band of the
Yb3+ ions). Considering the transmittance of the objective

lens used in the experiment (>90% at 1,053 nm), the total
insertion losses of the guided modes of the three strip
waveguides with widths of 15, 20, and 25 μm are 1.51, 1.4,
and 1.35 dB, respectively. In view of the inevitable cou-
pling loss, the propagation loss of three waveguides with
different widths must be less than 1.51, 1.4, and 1.35 dB/cm.
The propagation loss originates from the scattering caused
by the inconsistency of the waveguide region, in which the
non-uniformity of air grooves ablated by the ultrashort
pulse laser plays a more important role compared with
the He+ ions interaction region.

3.3 Micro-fluorescence properties

To find out whether the strip waveguide preparation pro-
cess affects the active gain properties of waveguide core,
the micro-fluorescence measurement system is arranged
to obtain the fluorescence spectrum in the waveguide
core and the substrate. The 976 nm fiber pigtailed laser
diode as a near-field mode measurement light source is
used here as an excitation light source. Based on the end

Figure 5: The near-field intensity distributions of the guided (a–c) 976 nm laser and (d–f) 632.8 nm laser of the strip waveguide with
different waveguide widths ranging from 15 to 25 μm.
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coupling system in near-field mode measurement, the
coupling objective was replaced by 40× micro-objective
lens in order to reduce the focus size of pump laser,
which can avoid the excitation of the region outside the
waveguide core. A single-mode fiber was placed on the
upper side of the planar waveguide to collect the fluor-
escence spectrum in the optical spectrum analyzer.

As shown in Figure 6, the red solid line and the black
solid line represent the fluorescence spectra of the wave-
guide core layer and the substrate, respectively. It can be
seen that the emission spectra of the two regions are
basically the same in shape, including the similar spec-
tral range from 930 to 1,120 nm and the peak located at
1,016 nm. The results indicate that the emission spectrum
of Yb3+-doped silicate glass is basically not affected by
the fabrication process. This advantage can be attributed
to two reasons. One is that the dose of He+ ions in the
waveguide region is very low without causing major
structural modifications. The other is that the closed elec-
tron shell of Yb3+ ions can shield the inner electron
energy level responsible for the transition and emitting
photons from the external energy (energy deposition of
ion implantation and laser ablation induced stress). In
Figure 6, it can be seen that some slight differences exist
between the two curves, which is due to the ionization
of implanted ions on the glass substrate material (the
breaking of Si–O bond) and the stress induced by laser
ablation. Both of these two effects will produce volume
compression and small modification of the glass network,
which will affect some details of the fluorescence emis-
sion spectrum. In general, the maintenance of this fluor-
escence characteristic after the waveguide preparation

process provides the possibility of preparing active
photonic devices in the future.

4 Conclusion

In conclusion, to our knowledge, for the first time, we
have demonstrated the preparation of strip waveguides
in Yb3+-doped silicate glass by triple energy He+ ion
implantation combined with laser ablation. With the for-
mation of vacancies induced by He+ ion deposition and
the energy deposition in the ion implantation trace, a
typical potential “well + barrier” is formed. The simula-
tion results show that the vacancy layer appears at a
depth of 2 μm below the glass surface, which is approxi-
mately the thickness of the planar waveguide. Three strip
waveguides with different widths were investigated in
detail in terms of morphology and near-field mode. The
results show that under 976 nm injection condition, the
waveguides of three widths only support the single-mode
propagation, but under 632.8 nm injection condition, few
modes can be propagated in the strip waveguides. The
minimum propagation loss of strip waveguide is 1.35 dB/cm.
The results of micro-fluorescence spectra confirms that the
waveguide preparation has no effect on the fluorescence
emission characteristics of the substrate material, and the
active gain characteristics are well maintained. This work
points out that the preparation of waveguides by ion implan-
tation combined with laser ablation is a practical method for
the preparation of active gain photonic devices.
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