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Abstract: Optical waveguides play a vital role in the man-
ufacture of various optical devices due to their unique
performances and high-degree integration. We report
on the preparation and characterization of the planar
waveguides in the Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2
chalcohalide glass. The waveguide was formed by the
400 keV H+-ion implantation with a dose of 8 × 1016

ions/cm2. Its thermal stability was studied by annealing
at 260°C for 1 h. The changes in the nuclear energy loss
with the implantation depth were simulated by the stop-
ping and range of ions in matter (SRIM 2013). The dark-
mode characteristics of the waveguide were measured by
the prism coupling method. The refractive index distribu-
tion of the optical waveguide was reconstructed by the
reflectivity calculation method. The modal profile of the
waveguide structure was calculated by the finite-difference
beam propagation method (FD-BPM). The thermally stable
proton-implanted Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2
chalcohalide glass waveguide is expected to be applied
in mid-infrared integrated optical devices.

Keywords: Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chalco-
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1 Introduction

As the silicon-based semiconductor process of integrated
circuits approaches the theoretical limit, the develop-
ment of integrated optical circuits provides new possibil-
ities for future information technology. Compared with
discrete optical devices, integrated optical elements have
the advantages of compact structure, good stability, strong
anti-interference and high precision by integrating multi-
functional devices [1,2]. As the basis of integrated optical
devices, an optical waveguide plays an important role in
optical communication and information processing [3].
The waveguide layer with high refractive index can be
used to propagate and process optical signals [4]. An
optical waveguide is a device that confines the propaga-
tion of light waves on its surface or inside [5]. The light
propagated in the optical waveguide is generally limited
to a small region with micron size, so that it can be pro-
pagated in a non-diffractive manner in the cavity [6].
Furthermore, the light intensity in the waveguide layer is
far greater than that of the substrate itself, so it has good
research value and wide application [7]. The formation of
optical waveguides belongs to the category of micro-nano
machining. A large number of breakthroughs depend on
the improvement in scale and accuracy of micro/nano
manufacturing technique. Ion implantation is a booming
and widely used material surface modification technology
[8–11]. It has the advantages of strong adaptability and
good controllability [12–15]. It is used to prepare one-
dimensional waveguide structures in this experiment.

The selection of matrix materials for integrated optical
components (especially optical waveguides) have attracted
widespread scholar’s attentions [16–19]. Dy3+/Tm3+-codoped
GeS2–Ga2S3–PbI2 chalcohalide glasses are under considera-
tion for high-quality optical waveguides that can meet the
functional requirements of the optoelectronic devices,
because of the characteristics of low phonon energy,
wide infrared transmittance range, high refractive index,
large emission cross-section, high nonlinear refractive
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index, long fluorescence lifetime and low melting tem-
perature [20]. Furthermore, the chalcohalide glass itself
and the economic cost of its processing are relatively
low, which mainly determines the expenditure and practi-
cality of the waveguide as an integrated optical component
[21]. The exploration of the Dy3+/Tm3+-codoped GeS2–
Ga2S3–PbI2 chalcohalide glass waveguides by the H+ ion
implantation has not been reported to the best of our
knowledge. Furthermore, the thermal stability is a funda-
mental requirement in the practical application of devices.
Therefore, it is necessary to compare the optical properties of
the waveguide before and after annealing. In this work, the
advanced proton implantation method and the excellent
performances of the Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2
chalcohalide glass are well combined to prepare high-
quality optical waveguides. We test its optical performances
and thermal stability through some simulation software and
experimental methods. It has simple preparation process
and optimum waveguide performances, which can provide
theoretical and experimental basis for the preparation of
chalcohalide devices and the diversity of optical waveguide
structures in integrated optical system.

2 Experiments and simulations

The Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chalcohalide
glass was prepared in the Xi′an Institute of Optics and
Precision Mechanics of Chinese Academy of Sciences
(CAS). The size of the sample is 10.0mm × 5.0mm × 1.0mm.
The samples were optically polished before any experiment.

For preparing the planar waveguide structure, the
surface of the Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chal-
cohalide glass was bombarded by a 400 keV H+ ion beam
with a dose of 8 × 1016 ions/cm2 at room temperature. The
ion implantation process is shown in Figure 1. In order
to avoid the channel effect, the normal direction of the
Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chalcohalide glass
surface maintained an angle of 7° from the direction of
the incident ion beam. The ion current density was lim-
ited to 50 nA/cm2 to prevent thermal effect. Then, a planar
optical waveguide structure was formed on the Dy3+/Tm3+-
codoped GeS2–Ga2S3–PbI2 chalcohalide glass.

After the ion implantation, the waveguide sample
was annealed at 260°C for 1 h to study the thermal stabi-
lity of the waveguide, taking into account its transition
temperature. The prism coupling system was used to
record the m-line curve with the effective refractive index
of the mode before and after the annealing. The refractive
index profile can affect the guiding properties of the

optical waveguide. However, it is difficult to directly mea-
sure the refractive index profile. Chandel and Lama in
1986 proposed a method for calculating the refractive
index profile of waveguides, which is called Reflectivity
Calculation Method (RCM). In order to obtain a reason-
able refractive index profile, it is necessary to constantly
adjust the parameters of the assumed function that con-
sists of the two semi-Gaussian curves with different stan-
dard deviations during the RCM simulation process
to reduce excessive differences between the calculated
effective refractive index and the measured one. By
continuously adjusting the parameter values, the dif-
ferences between the simulation results of the assumed
refractive index profile and the experimental results
are controlled within the allowable range (for example,
on the order of 10−3). The function curve at this time
represents the actual refractive index distribution of
the waveguide.

3 Results and discussions

The Stopping and Range of Ions in Matter (SRIM 2013)
was utilized to stimulate the depth distribution of the
energy loss for the 400 keV hydrogen ion implantation
into the Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chalcoha-
lide glass [22]. Figure 2 shows the nuclear energy loss as a
function of the implantation depth [23]. First, it increases
slowly in the main implantation range of 0–3 µm. Then,
the nuclear energy loss reaches rapidly to the maximum
value of 1.26 keV/µm at the depth of 3.99 µm. Finally,
it quickly drops to zero. When the implanted ions enter
into the deeper area from the sample surface, they stop

Figure 1: Schematic diagram of the ion implantation process.
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moving owing to the energy loss caused by the elastic
collision with the atomic nucleus of the target material.
The density of the area where the ions are accumulated is
decreased, and hence an optical barrier [19,20] structure
is formed here. The results indicate that the deposition of
nuclear energy promotes the formation of the optical bar-
rier and changes the distribution of the refractive index.

Figure 3 shows the cross-sectional microscopic image
of the proton-implanted Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2
chalcohalide glass, which was observed by a metallo-
graphic microscope (Axio Imager A2m) with a magnifica-
tion of ×500. The region between the air and the substrate
is the waveguide layer. Light can be effectively limited in
the vertical direction and propagated in this region. The
thickness of the waveguide layer is about 4.0 µm, which is
almost the same as the theoretical simulation of SRIM 2013
software in Figure 2. The substrate and the waveguide
layer have some defects, which are caused by the rough
polishing.

The dark-mode curve (relative intensity of light versus
effective refractive index) was measured by the prism-cou-
pling system that possesses a Gaussian single-mode light
beam from He–Ne laser at 632.8 nm with a diameter of
0.2mm at TE polarization. Figure 4(a) and (b) shows the
characteristics of the dark modes in the proton-implanted
Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chalcohalide glass
waveguide before and after the annealing treatment at
260oC for 1 h, respectively. There are two sharp dips and
one broad dip on the m-line curves of both the as-
implanted and annealed chalcohalide glass waveguides.
The first dip is sharp and narrow, which represents a pro-
pagation mode (the fundamental mode) [24,25]. When the
incident laser beam is totally reflected at the bottom of the
prism and the incident light meets the phase matching
condition (the wave vector of light propagating in the
z-direction in the prism is equal to that in the waveguide
layer), the light will enter into the waveguide layer
through the air gap. Hence, lack of reflected light results
in a sharp drop in the light intensity. The second dip is
relatively narrow and is the other guided mode. The third
dip is really smooth and indicates a leaky mode formed by
the multiple optical reflections. As shown in Figure 4, with
the increase in the mode number, the width of dips in the
dark-mode spectrum becomes broader. It indicates that

Figure 2: Nuclear energy loss of the 400 keV proton implantation
into the Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chalcohalide glass.

Figure 3: Microscope image of the cross-section of the proton-
implanted Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chalcohalide
glass.

Figure 4: The m-line spectra of the (a) as-implanted and (b) annealed Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chalcohalide glass waveguide.
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the ability of the optical waveguide to limit the propaga-
tion of higher order modes is weakening and the higher
order modes may become leaky modes. By comparing the
effective refractive index of the mode with the substrate,
we can find that the effective refractive index in the near-
surface region is larger than that of the substrate (nsub =
2.15) after the implantation of protons into the Dy3+/Tm3+-
codoped GeS2–Ga2S3–PbI2 chalcohalide glass. It indicates
that the “well-enhanced” waveguide structure with high
refractive index is formed by the ion implantation. Com-
paring Figure 4(a) with (b), neither the shape of the dark-
mode curve nor the effective refractive index of each
dark mode is affected by the annealing process for the
Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chalcohalide glass
waveguide. Therefore, the dark-mode properties can be
well preserved after the thermal treatment.

Based on the effective refractive indices obtained
from the dark-mode curve, we utilized the RCM [26]

software to reconstruct the refractive index distributions
of the proton-implanted Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2
chalcohalide glass waveguide at 632.8 nm before and after
the annealing treatment, as shown in Figure 5. There is a
slight increase (Δnw = +0.0569) in refractive index in the
waveguide layer and a small drop (Δnb = −0.07) in refrac-
tive index at the optical barrier layer. Therefore, the wave-
guide is a typical “well enhanced + optical barrier” type.
The depth of the optical barrier calculated by the RCM is
4.07 μm, which is close to the datum of 3.99 μm calculated
by the SRIM 2013 simulation. Table 1 lists the differences
between the experimental and calculated effective refrac-
tive indices for the hydrogen-ion implanted Dy3+/Tm3+-
codoped GeS2–Ga2S3–PbI2 chalcohalide glass waveguide.
It can be seen that the difference between two values is
controlled between 10−4 and 10−3, which proves that the
RCM simulation result is reasonable. The reconstructed
refractive index profile at 632.8 nm can be used to

Figure 5: Refractive index distributions of the optical waveguide
before and after annealing.

Table 1: Measured and calculated effective refractive indices of the
modes in the H+-implanted Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2
chalcohalide glass waveguide before and after annealing

Mode Effective refractive index

As-implanted After annealing

Exp. Cal. Diff. Exp. Cal. Diff.

TE0 2.2057 2.2055 2.0
× 10−4

2.2063 2.2057 6.0
× 10−4

TE1 2.2029 2.2014 1.5 × 10−3 2.2030 2.2016 1.4
× 10−3

TE2 2.1982 2.1945 3.7
× 10−3

2.1988 2.1947 4.1
× 10−3

Figure 6: Near-field light intensity distributions simulated by the FD-BPM (a) before and (b) after annealing.
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investigate the optical properties of the waveguide. In
addition, the annealing treatment hardly changed the
increment in the refractive index in the waveguide region
and the reduction in the refractive index in the barrier
layer. Therefore, the refractive index distribution is stable
at the temperature of 260°C.

In order to detect the propagation quality of the optical
waveguide, we adopted the finite-difference beam propa-
gation method (FD-BPM) to simulate the near-field light
intensity distribution at 632.8 nm [27,28]. Figure 6(a) and
(b) show the FD-BPM-calculated near-field light intensity
distributions for the as-implanted and annealed proton-
implanted Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chalco-
halide glass waveguide, respectively. The neff of the
fundamental mode in the computed transverse mode
profiles are 2.205455 and 2.205661 before and after the
thermal treatment, which are almost the same as their coun-
terparts listed in Table 1. The width of the simulated near-
field intensity profile is about 4.0 μm, which is consistent
with the implantation depth. It manifested the excellent com-
petence of confining the propagation of light perpendicular
to the waveguide layer without light leakage. Comparing
Figure 6(a) with Figure 6(b), the parameters including
the light intensity distribution and the effective refractive
index of the fundamental mode in the as-implanted wave-
guide are similar to those in the annealed one. It suggests
that the near-field light intensity distribution can remain
stable at the temperature of 260°C in air.

4 Conclusion

One-dimensional waveguide structure was fabricated by
the 400 keV H+-ion implantation with a dose of 8 × 1016

ions/cm2 in the Dy3+/Tm3+-codoped GeS2–Ga2S3–PbI2 chal-
cohalide glass. The dark-mode spectrum demonstrates that
there are three guided modes. The refractive index distribu-
tion of the waveguide simulated by the RCM suggests that
the refractive index distribution is an “well enhanced +
optical barrier” type with the maximum refractive index
difference of 0.1269. The near-field light intensity distribu-
tion calculated by the FD-BPM manifests that the wave-
guide canwell limit the light propagation. The optical wave-
guide has thermal stability within the temperature of 260°C
by discussing the changes in their dark-mode curves, refrac-
tive index distributions and the modal profiles. It provides a
reference for the further development of the mid-infrared
chalcohalide glass photonics devices.
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