Mid-infrared waveguides in zinc sulfide crystal
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Abstract: Depressed cladding optical waveguides have been fabricated in a
zinc sulfide (ZnS) crystal by femtosecond laser inscription. The structures
support single- or multi-mode guidance at the mid-infrared wavelength of
~4 um. The two-dimensional refractive index profiles of the single-mode
waveguides have been reconstructed, and the modal profiles of TE and TM
modes were calculated numerically, that show very good agreement with
the measured near-field modal profiles. The minimum propagation losses of
the multimode cladding waveguides at 4 um were ~1.1 dB/cm for the TE
polarization and ~1.3 dB/cm for the TM polarization.
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1. Introduction

Since the emergence of type-II quantum well lasers (based on GaSb and dilute-nitride
semiconductors) and InP-based quantum cascade lasers [1-5], light in the mid-infrared (MIR)
spectral band has been very attractive owing to the various intriguing applications in a number
of aspects, such as optical sensing, thermal imaging, biomedicine, free-space communications,
etc [6]. Particularly, for modern optical communication, the two atmospheric transmission
windows (3-5 and 8-14 pm) are included in the MIR band. On other hand, optical waveguides
are basic components for integrated photonics. Such structures confine light propagation in
reduced volumes, reaching high optical intensities of light. The performance of the bulk
materials might be enhanced, and some applications could be realized in chip-scale wafers
based on waveguides. In the MIR regime, waveguide structures have been achieved in silicon-
on-insulator [7,8], silica on silicon [9], and chalcogenide glass [10] etc.

As one of the most efficient techniques for three-dimensional (3-D) volume micro-
structuring of transparent dielectrics, the femtosecond (fs) laser inscription has been widely
applied to fabricate optical waveguides in numerous optical materials, including optical
crystals [11-14], ceramics [15-18], glasses [19-21], and polymers [22]. When an intense fs
laser beam is focused inside a transparent crystal, some controlled micro-modifications occur
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in the focal volume. Concerning the optical properties, in most of the crystals, the fs laser
induces a reduction of the refractive index in the focal volume [23]. The most general way to
fabricate waveguides in crystals is the so-called Type II approach: the fs laser creates severe
damage tracks inside the bulk at the focal volume in which the refractive index decrease [24],
but in the surrounding area the refractive index increases due to the stress induced effect [25].
To increase the refractive index contrast, two parallel irradiations are performed with a spatial
separation of around 15-20 pum: the waveguide core is then in the region between the two
damaged lines. Depressed cladding waveguide is another type of fs-laser inscription
technique. It consists of a large number of low-index damage tracks, and the waveguide core
results in the region surrounded by these tracks. Theoretically, the shape and size of the
cladding structure could be adjusted with more flexibility [26-28]. Such structures have been
realized in Nd or Tm doped YAG ceramics or crystals, Nd:YVO,, BiB;O4 and KTiOPO,
crystals [29—33]. As an obvious advantage over the Type II waveguides, large diameter of
cladding waveguide enables them to guide light till longer wavelength regions. Particularly,
multi- and single- mode cladding waveguides at MIR wavelengths fabricated by fs laser
inscription in Tm:YAG have been reported [29].

The ZnS crystal is one of the most promising materials with a wide range of applications.
It is also an excellent optical material for using in MIR waveguide devices due to its high
refractive index (~2.2523 at the wavelength of 4 um) and huge transparency window covering
from visible to infrared wavelengths (0.37~14 pum) [34]. As of yet, there has not report on the
waveguide fabrication in ZnS bulk crystals.

In this work, we report, to our best knowledge for the first time, on the fabrication of
depressed optical cladding waveguides in ZnS crystal by the fs laser inscription. The guiding
properties of the ZnS waveguides are investigated at the MIR wavelength of 4 um.

2. Experimental

Fig. 1. Cross section of WG1 (a), WG2 (b) and WG3 (c) fabricated in ZnS crystal. The picture
was taken with an optical microscope in transmission illumination.

The ZnS crystal was cut to the dimensions of 7.0 (x) x 10 (y) x 2.0 (z) mm®, and the largest
and the two edge faces of the sample were optically polished. An amplified Ti:Sapphire laser
system, which delivered 120 fs pulses, linearly polarized at 800 nm, with a repetition rate of 1
kHz and 1 mJ maximum pulse energy, was employed to fabricate the depressed cladding
waveguide structure at the Universidad de Salamanca, Spain. The sample was fixed on a
motorized 3-axes stage that was moved at a constant velocity (500 um/s) along the y direction
of the sample. The laser beam, whose pulse energy was set to 2.5 uJ with the help of a
calibrated neutral density filter and a half-wave plate, was focused through a microscope
objective (Leica 40 x, numerical aperture N.A. = 0.65) at a maximum depth of 125 pm
beneath the surface. The selected pulse energy was chosen after multiple trials as a
compromise between producing strong enough damage tracks, and avoiding the internal
fracture of the sample. In order to produce the depressed cladding waveguides (WG 1~3,
shown in Fig. 1, with diameter (D) =50 pm, 100 pm, 150 um, respectively) multiple parallel
scans of the sample were done with a lateral separation of 3 um, following the desired circular
geometry, from bottom to top of the structures.

One of the main difficulties for the fabrication of large core optical waveguides in ZnS is
the strong spherical aberration [35] that is produced in the air-crystal interface due to the large
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value of the refractive index. The chromatic aberration causes a very different energy
distribution in the focal region for different focusing depths, and it requires the use of pulse
energies in a relative narrow range in order to produced enough damage in all the laser tracks
but avoiding the fracture of the sample: the selected pulse energy (2.5 wJ) is in such range for
our experimental conditions. For such energy, the produced damage tracks are remarkably
shorter than those produced in other crystals at similar scanning velocity.

Polarizer
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Fig. 2. Schematic of the end-face coupling arrangement applied to investigate the optical
properties of the cladding waveguides in ZnS crystal.

The end-face coupling arrangement, shown in Fig. 2, was applied to investigate the near-
field modal profiles of the depressed cladding waveguides and to determine the value of the
maximum refractive index contrast in order to reconstruct the refractive index distributions.
The incident light at 4 um was generated in the Tunable Laser System - MIR™ 8025
(Daylight Solutions, Inc.). The sample was mounted on a 6-D optical stage. The TE or TM
polarized light of 4 um was focused by a MIR microscope objective lens (ZnSe, LFO-5-12-
3.75, N.A. = 0.13) to be coupled into the depressed cladding waveguides, and another MIR
microscope objective lens was utilized to collect the output light at the other facet of the
sample. A MIR CCD camera was employed to map the coupled light from the depressed
cladding waveguide structure. Consequently, the near-field modal profile of the structure was
obtained experimentally. We also measured the N.A. of the waveguide in order to get the
maximum value of refractive index changes of the waveguide, by adjusting the position of the
incident coupled light. In addition, the cross section of the waveguides was imaged by an
optical microscope (Axio Imager, Carl Zeiss) operating in transmission mode.

3. Results and discussion

() 2.2523 (b) 2.2523
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Fig. 3. The reconstructed refractive index profiles for the TE (a) and the TM (b) polarizations
are shown.

In Fig. 1(a) we show the transverse section of WG1 (D =50 pum) taken with an optical
microscope. The refractive index distribution of the depressed cladding waveguides cannot be
directly measured by conventional measuring methods, such as the m-line technology.
However, we can obtain indirectly the maximum value of the refractive index contrast
between the low-index tubular cladding structure and the core waveguide region by measuring
the N.A. of the waveguide, which could be roughly approximated by using the formula

s 2
_sin" 6,
2n

An )]

where 6, is the maximum incident angular deflection at which no transmitted power is
detected, while n is the refractive index of the substrate [33]. The angle 6,, was measured by
the modified end-face coupling arrangement in which a large YAG ceramic cuboid, used to
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change the angle of the incident light, was added between the polarizer and the incident
objective. Based on the measured 6, we estimated the refractive index contrast of the
depressed waveguide WGI for the two transverse polarizations to be Angg =~5.2 x 10 and
Anpy =-3.8 x 107, Figures 3(a) and 3(b) show the reconstructed refractive index distributions.
The two profiles, obtained from RSoft© software [36], show that the change of the refractive
index for the TE polarization is larger than the one for the TM polarization.

(b)
e

(c) (d)

Fig. 4. 2-D, 3-D measured near-field modal profiles of WG1 for the TE (a) and TM (c)
polarization, and calculated ones for the TE (b) and TM (d) polarization (The red circles in all
the 2-D figures represent the position of the depressed cladding structure).

According to the reconstructed refractive index profiles, the 2-D and 3-D modal profiles of
fundamental TE and TM mode for WG1 were calculated by using the finite-difference beam
propagation method (FD-BPM) of the RSoft© software, as depicted in the Figs. 4(b) and 4(d).
As one can see, the 2-D and 3-D calculated modal profiles are in very good agreement with
the 2-D and 3-D experimental results shown in the Figs. 4(a) and 4(c), respectively. It
suggests that the simulations based on the reconstructed refractive index profile were
successful. The red circles in all the 2-D figures represent the position of the depressed
cladding structure. From the calculated and experimental near-field modal profiles, it is
obvious that the light guided in the cladding structure of WG1 is single-mode.

The propagation losses of WG1 for the TE and TM polarizations were estimated by
directly measuring the powers of the incident and output light through the waveguide. The
propagation loss for the TE polarization is ~3.9 dB/cm, lower than that measured for the TM
polarization (~4.1 dB/cm). Two possible factors might be responsible for such difference. The
first one is that the TM polarization is parallel to the inscription direction of the fs laser and to
the produced damage tracks: thus, the light with the TM polarization could leave out of the
cladding waveguide structure easier than the light for the TE polarization in the areas with
larger track separations. The second one is the difference between the refractive index contrast
in the structures, that is larger for the TE polarization, and it may improve the confinement
properties. Therefore, the waveguiding performance of the fabricated structures could be
probably improved by the reduction of the filament separation, and by scanning the sample at
lower speed during the fs inscription in order to increase the refractive index contrast. Both
procedures may be helpful to reduce the propagation loss further.
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Fig. 5. 2-D, 3-D measured near-field modal profiles of WG2 for the TE (a) and TM (c)
polarization, and the ones of WG3 for the TE (b) and TM (d) polarization (The red circles in all
the 2-D figures represent the position of the depressed cladding structure).

In further investigation on the cladding waveguides, we found that, WG2 (D =100 pm)
and WG3 (D =150 pum) with larger diameters are multimode for both TE and TM
polarizations, as shown in Fig. 5. And the minimum propagation losses of the two waveguide
structures are ~1.1 dB/cm for the TE polarization and ~1.3 dB/cm for the TM polarization,
lower than those of WGI1. In modern MIR optical communication, low-loss single-modal
fibers are used more widely owing to the intermodal dispersion of multimode light. So this
single-mode optical waveguide with the optimum size could be thus a promising fiber-
coupling device in the future. However, due to the length of the damage tracks, the cladding
waveguides cannot be fabricated with an arbitrarily small size and, moreover, small diameter
cladding waveguides typically show larger propagation losses.

4. Summary

We have reported the fabrication of depressed cladding waveguides in ZnS crystal by using
femtosecond laser inscription. The guiding properties in the MIR (wavelength 4 um) have
been investigated, showing very good performances, with single mode and multi-mode
behavior for both TE and TM polarizations. The minimum propagation losses were measured
at this wavelength resulting in ~1.1 dB/cm for the TE polarization and ~1.3 dB/cm for the TM
polarization.
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