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We have experimentally studied the fabrication of ridge waveguides in zinc sulfide (ZnS)
crystal by femtosecond laser ablation combined with Kr8+ ion irradiation. At the wavelength
of 4 μm, the waveguide at TE mode shows better guiding properties than TM mode. The
transmission performance of the waveguide is improved by using thermal annealing
technology to reduce the color centers and point defects in the waveguide. The
waveguide propagation loss at TE mode at 4 μm wavelength is reduced to as low as
0.6 dB/cm after annealing. Raman spectroscopy shows that Kr8+ ion irradiation does not
cause large lattice damage to ZnS crystal.
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INTRODUCTION

Infrared band can be divided into three bands: near-infrared (780–2,560 nm), mid-infrared
(2,560–25,000 nm) and far-infrared (25,000–1,000,000 nm) [1, 2]. Infrared spectroscopy can
simultaneously analyze the content of multiple components in substances, which has the
advantages of non-damage, non-pollution, online monitoring and large amount of information
on the spectrum. It can be used for the detection of gas, liquid, solid and various complex mixtures
[3–5]. ZnS crystal is a kind of Ⅱ-Ⅵ semiconductor compound material with a large band gap (3.7 eV)
[6–9]. ZnS has excellent optical, electrical and thermal properties in the infrared band [10, 11]. ZnS is
hard and cheap enough to be used in missile domes and aircraft windows. In addition, ZnS is inert
and can be used in wet and dry environments. It has excellent transmittance and high refractive index
(2.2527 at wavelength of 4 μm), and can be used in photonic crystal devices working in mid-infrared
band. Because of these excellent properties, ZnS crystals has been widely used in infrared windows,
lasers, electroluminescence, light-emitting diodes, optical antireflection films and biodevices [12–16].

Optical waveguide device is the basic component of integrated optical system. It is a micro
structure which restricts the beam transmission within the material interface by total reflection.
According to the different spatial structure, optical waveguides are divided into one-dimensional
optical waveguides (light is restricted in one dimension) and two-dimensional optical waveguides
(light is restricted in two dimensions). According to the position of the waveguide layer on the
substrate, the two-dimensional waveguides can be divided into buried layer waveguides, surface
waveguides and ridge waveguides [17, 18]. The excellent performance of optical waveguides directly
affects the quality of integrated optical systems, so the preparation of optical waveguides with good
transmission characteristics and low loss is always an important research topic in the field of
integrated optics. The ridge waveguides have a stronger limiting effect on the optical field than the
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one-dimensional waveguides, and it can reduce the propagation
loss, so it has great application prospect in the optical
communication field. At present, the main methods used to
fabricate optical waveguides include ion-beam irradiation/
implantation, proton/ion exchange, metal-ion indiffusion,
femtosecond laser direct micromachining/writing and so on
[19–24]. Up to now, people have successfully fabricated
waveguides with above methods in ZnS crystals [25–28].
However, ZnS ridge waveguide by ion irradiation and
femtosecond laser ablation at mid-infrared wavelength has not
been reported up to now. Ion irradiation technology changes the
physical properties of the target material by the interaction
between ions with atoms in the material, which has been
widely used in the fabrication of optical waveguides of various
materials. Femtosecond laser ablation combined with ion
irradiation is a convenient and effective method for fabricating
ridge waveguides. Therefore, in this paper, we innovatively use
ion irradiation combined with femtosecond laser ablation to
fabricate ridge waveguides on ZnS crystals, and study the
transmission characteristics of ridge waveguides at mid-
infrared 4 μm wavelength.

EXPERIMENTS

First, as shown in Figure 1A, we prepared a zinc sulfide crystal
with size of 10 × 10 × 2 mm3 and polished each face of the crystal.
We then used the Heavy Ion Research Facility in Lanzhou
(HIRFL) at Institute of Modern Physics, Chinese Academy of
Sciences, to irradiate Kr8+ ions with an energy of 1.2 GeV and a
dose of 2 × 1011 ion/cm2 on the largest surface of the sample (10 ×
10 mm2). The angle between the incident ion beam and the
normal line of the sample is kept at 7° and the ion beam
density is controlled at 10–30 nA/cm2 to reduce the channel
and charge effect. Irradiated ions enter the material, lose their
energy, and stay in the material, causing the refractive index
change of the substrate, to form the optical waveguide. Finally, a
planar optical waveguide with a depth of about 100 μm was
fabricated by ion irradiation technique.

Then, as shown in Figure 1B, we used a Titanium sapphire
femtosecond laser system (FemtoYL™−25) at Shandong
University to ablate two air grooves on the surface of the
planar waveguide in ZnS crystal. The width of the waveguide
is determined by the separation of the two adjacent air grooves.
The minimal width of ridge waveguide can be provided with
femtosecond laser ablation method is 20 µm. The femtosecond
laser system produces a pulsed laser with a central wavelength of
1,031 nm, pulse width of 400 fs, a repetition frequency of
25,000 Hz, and maximum pulse energy of 7 mJ. The pulse
laser energy is controlled at 15 μJ using a half-wave plate
linear polarizer and a neutral density filter. The sample is
placed on a three-dimensional motor stage, and the laser beam
is focused on the sample surface through the objective lens (50 ×,
N.A. � 0.67). The laser scanning speed is set at 0.1 mm/s, and two
parallel grooves with depth of 115 μm are ablated to obtain a
40 µm wide ridge waveguide.

The cross-section of the ridge ZnS crystal waveguide was
photographed with a metallographic microscope. The end face
coupling system is arranged as shown in Figure 2. We used a laser
source of a tunable laser system MIR™ 8025 to generate a mid-
infrared incident light with a wavelength of 4 μm. The light beam
is emitted from the light source, and after passing through a
polarizer, it is focused into the ridge waveguide by the MIR
objective lens Obj1. The light beam transmitted through the
waveguide is converged by another MIR objective lens Obj2
and was observed by an MIR detector. We use MIR CCD to
record the transmission mode of ZnS ridge waveguide, and use
MIR optical power meter to measure the input power and output
power of the ridge waveguide to calculate the propagation loss of
the waveguide [29]. A cubic ZnSe glass placed between the
polarizer and the objective lens Obj1 is used to adjust the
incident angle of the beam, measure the maximum deflection
angle of the waveguide, and calculate the maximum refractive
index variation of the waveguide.

In order to further reduce the propagation loss of the ridge
waveguide, thermal annealing is performed on the ridge
waveguide. We carried out four steps of annealing treatments,
and the annealing temperatures were set as 180°C, 240°C, 300°C,

FIGURE 1 | Preparation of ZnS ridge waveguides. (A) 1.2 GeV Kr8+ ion irradiation (B) femtosecond laser ablation.
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360°C successively, and the duration of each annealing was set
1 h. After each thermal annealing the ridge ZnS optical waveguide
was placed in the end-face coupling system to measure input
power and output power and calculate the propagation loss.
Finally, in order to verify whether ion irradiation technology
causes lattice damage of ZnS crystal, we measured Raman
spectroscopy of the waveguide layer and substrate of ZnS crystal.

RESULTS AND DISCUSSION

In order to study the ion deposition process in the ion irradiated
region of the sample, we simulated the energy deposition process
of 1.2 GeV Kr8+ ion irradiated ZnS by SRIM-2013. It can be seen
from Figure 3A that in the range of 0–80 μm, the electronic
stopping ability gradually increases from 10 keV/nm to 15 keV/
nm, while the nuclear stopping ability is always zero. The nuclear
stopping ability gradually increases from a depth of 80 μm and
reaches a maximum of 1.5 keV/nm at 100 μm. We can conclude
from the data that the electronic stopping ability plays a major
role in the formation of waveguide.

Due to the invisibility of the middle infrared light and the deep
buried layer of the waveguide, it is impossible to measure the

refractive index distribution by dark mode spectroscopy. In order
to calculate the maximum refractive index change of the
waveguide. Using the formula [30]:

Δn � sin2θm
2n

(1)

Based on the end-face coupling system, the maximum light
receiving angle θmTM � 9.9° in TM mode is measured. The
maximum receiving angle of the waveguide in TE mode is
θmTE � 10.9°. n � 2.2527 is the refractive index of ZnS crystal
at the wavelength of 4 μm. We use Eq. 1 to calculate the
maximum refractive index change in the waveguide region as
ΔnTE � 0.008, ΔnTM � 0.006. An error of 30% is estimated due to
uncertainty of the measured maximum incident angular
deflection. Based on Δn and the curve of electron stopping
ability, we reconstructed the refractive index distribution in
the ZnS crystal waveguide region, as shown in Figure 3B. The
maximum refractive index variation of TE mode is greater than
that of TM mode, which indicates that the guiding properties at
TE mode is better than TM mode.

As shown in Figure 4A, the photograph of cross section of the
ridge ZnS crystal optical waveguide was taken by microscope, and

FIGURE 2 | Schematic diagram of end face coupling system of ZnS crystal ridge optical waveguides.

FIGURE 3 | (A) Electron (blue line, Se) and nucleus (red line, Sn) stopping ability changes with the radiation depth of Kr8+ ions; (B) Refractive index curves of ZnS
ridge waveguide at 4 μm wavelength in TM (blue line) and TE (red line) modes.
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the thickness of the waveguide layer is about 100 μm. Figures
4B,D show the experimental near-field mode distributions of TE
and TM modes in the ZnS ridge optical waveguide at the
wavelength of 4 μm obtained by the end-face coupling system.
As we can see, both the near-field modal profiles of the
waveguides at TE and TM modes exhibit multi-mode
behaviors. On the basis of the reconstructed refractive index
distribution, the finite-difference beam propagation method (FD-
BPM) by RSoft software was used to simulate the near-field

modal distribution of TE and TM modes in the ZnS ridge
optical waveguide at the wavelength of 4 μm, as shown in
Figures 4C,E. By comparing Figures 4B–E, we can see that
the experimental and simulated modal profiles are consistent,
which proves that the refraction index distribution reconstructed
and simulation by Rsoft are correct. Thermal annealing treatment
can eliminate the color centers and point defects of the
waveguide, and reduce the degree of lattice damage, so as to
reduce the propagation loss of the waveguide. As shown in
Figure 5, the initial propagation loss of the ridge waveguide at

FIGURE 4 | Microscopic images of ridge waveguides of ZnS crystals (A), experimental (B) and simulation (C) of near-field mode distribution of TE mode at 4 μm
wavelength, experimental (D) and simulation (E) of near-field distribution in TM mode at 4 μm wavelength.

FIGURE 5 | propagation loss of ZnS ridge waveguide in TM (blue line)
and TE (red line) modes before and after annealing at 4 μm wavelength.

FIGURE 6 | Raman spectra of 1.2 GeV Kr8+ ion irradiated ZnS crystal in
waveguide region (blue line) and substrate region (red line).

Frontiers in Physics | www.frontiersin.org July 2021 | Volume 9 | Article 7315714

Zhang et al. Mid-Infrared ZnS Ridge Waveguide

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


TM mode was 2.9 dB/cm, and the propagation losses after
annealing at 180°C, 240°C, 300°C, 360°C were reduced to
2.5 dB/cm, 1.9 dB/cm, 1.3 dB/cm, 0.8 dB/cm in turn,
respectively. The initial propagation loss was 2.6 dB/cm at TE
mode, and the propagation losses were reduced to 2.2 dB/cm
1.6 dB/cm 1.1 dB/cm 0.6 dB/cm after annealing at 180°C, 240°C,
300°C, 360°C, respectively. It can be seen that the propagation loss
of ZnS ridge waveguide decreases with a series of annealing
treatments, and the propagation loss of TE mode is lower than
the TMmode with the same annealing treatment. This is because
the maximum refractive index change of TE mode is larger than
the TM mode, which has a stronger ability to constrain the
transmission beam of waveguide and help to reduce the
propagation loss of waveguide. After annealing, the
propagation loss of the waveguide is further reduced, which
indicates that thermal annealing is an effective method to
further improve the guiding performance of the waveguides.
Compared with previous reported ZnS waveguides by
femtosecond laser ablation, the waveguide in our work has
lower propagation loss [26].

Figure 6 shows the Raman spectra of the ridge optical
waveguide and the substrate in ZnS crystal. We can see that
the Raman spectrum in the waveguide region is basically
consistent with the substrate material, which proves that the
ion irradiation does not cause large lattice damage to the material.

CONCLUSION

We use ion irradiation combined with femtosecond laser ablation
to fabricate ridge waveguide of ZnS crystal. The energy deposition
process of ZnS crystal induced by ion irradiation is simulated by
software. It is proved that the electron stopping ability plays an
important role in the formation of waveguides. Based on the
reconstructed refractive index distribution, the near-field light
intensity distribution is in good agreement with the experimental

results. The propagation losses of ridge waveguide in TE and TM
modes are studied, and the thermal annealing technique is used to
further optimize the ridge waveguide. The propagation loss at TE
mode in the ridge waveguide of ZnS crystal is reduced to as low as
0.6 dB/cm at 4 μm wavelength after annealing. Raman
spectroscopy shows that the ion irradiation does not cause
large lattice damage to the crystal. Our experiment shows that
the ZnS ridge waveguide manufactured by ion irradiation
combined with femtosecond laser ablation method has a wide
range of application prospects in mid-infrared integrated optics.
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