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Abstract: The powerful ultrafast laser inscription technique is used to 

fabricate optical waveguides in gallium lanthanum sulphide substrates. For 

the first time the refractive index profile and the dispersion of such ultrafast 

laser inscribed waveguides are experimentally measured. In addition the 

Zero Dispersion Wavelength of both the waveguides and bulk substrate is 

experimentally determined. The Zero Dispersion Wavelength was 

determined to be between 3.66 and 3.71 μm for the waveguides and about 

3.61 μm for the bulk. This work paves the way for realizing ultrafast laser 

inscribed waveguide devices in gallium lanthanum sulphide glasses for near 

and mid-IR applications. 

©2016 Optical Society of America 
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1. Introduction 

Chalcogenide glasses (ChGs) are an important class of materials used in phase-change 

memories [1], solar cells [2], sensors [3] and photonics [4]. They contain as their main 

constituent one or more of the chalcogen elements S, Se and Te, covalently bonded to network 

formers such as As, Ge, Sb, Ga, Si or P [4,5]. The existence of a broad range of possible 

glass-forming systems with large composition space allows for glasses with optical properties 

which can be tailored and optimized for photonic applications. The particular nature of the 

covalent bonds in ChGs gives them unique properties for infrared, nonlinear and waveguide 

applications. 

Recently the mid-IR region of the electromagnetic spectrum has been attracting a 

considerable amount of research interest due to the potential applications in gas sensors [6], 

biosensors [7] and stellar interferometry [8]. This growing interest creates the need for new 

host materials suitable for integrated optical devices that operate in mid-IR and ChGs are 

proving to be an excellent solution due to their excellent mid-IR transparency. ChGs provide 

high optical nonlinearities which coupled with their mid-IR transparency define them as 

excellent hosts for supercontinuum generation mid-IR sources for sensing applications [9–12]. 

Furthermore ChGs can be readily doped with rare earth elements. Their low phonon energies 

reduce multi-photon quenching, therefore giving rise to mid-IR transitions opening the 

potential for laser sources operating in this important wavelength region [13–18]. 

ChGs are particularly appealing candidates for telecommunication applications as well. 

The rapid development of optical communications requires novel materials with large and 

ultrafast nonlinear optical responses in the femtosecond or picosecond domain for fabricating 

compact and low-threshold all-optical switching (AOS) and processing devices. ChGs are a 

perfect match for such devices as they possess high nonlinear refractive index (up to ~500 

times that of silica), low multi-photon absorption [19] and high photosensitivity, properties 

which allow for switching devices with shorter interaction lengths, lower switching threshold 

and higher figures of merit. The aforementioned properties combined with the strong 

confinement along with dispersion engineering achievable in fibre and waveguide devices 

makes ChGs a good platform for ultrafast nonlinear optics and also a key technology for 

future optical communications systems. Over the past years chalcogenide all-optical switching 

applications have been demonstrated [20,21], as well as other ultrafast optical nonlinear 

devices such as demultiplexers [22] and wavelength converters [23] proving the great 

potential of ChGs in all-optical networks (AON). 

Out of all the ChGs gallium lanthanum sulphide (GLS) is a particularly attractive one and 

a much awaited alternative to toxic arsenic-based glasses. Presenting optical transparency 

from the visible extending in the infrared up to 10μm [24] and thermally stable up to 550°C 

[25]. In addition GLS can be melted in a large scale without the requirement of a sealed 

ampoule environment making production and processing safer, easier and more economical. 

For many applications, optical circuits based on planar waveguides are often preferred 

over fibres. Attempts to fabricate chalcogenide waveguides in the past have included thermal 

evaporation combined with plasma etching [3], chemical vapour deposition [26], fine 

embossing [27] and direct pulsed laser deposition [28]. However for all these methods several 

stages of post-deposition annealing and processing are required. In this work we used the 
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ultrafast laser inscription (ULI) technique [29] to fabricate waveguides embedded in GLS 

substrates. 

ULI is a powerful technique that relies on the nonlinear absorption of sub-bandgap 

photons to induce permanent structural changes to a material. These changes can manifest 

themselves in multiple ways including a change in refractive index [30]. This change of the 

refractive index enables the confinement and guiding of light in ULI waveguide structures in 

bulk substrates. The ULI process involves the use of ultrashort pulses of light tightly focussed 

within the volume of a dielectric material. The extremely high peak power of the ultrashort 

pulses generates extremely high intensities at the focal region causing the nonlinear light 

matter interaction on which ULI is based. As a consequence the induced modification can be 

localized at the high intensity region at the focus of the ultrashort pulse train. This gives ULI 

the distinct advantage of true three dimensional capabilities [31] over other waveguide 

fabrication techniques. Furthermore ULI is a single step rapid fabrication technique that does 

not require any post-processing and offers both geometric and material design freedom. ULI 

has been shown to be applicable on a multitude of materials including crystals [32], and 

amorphous semiconductors [12] and by using waveguide shaping techniques, mode sizes can 

be tailored for particular applications [33]. 

Due to the nature of the ULI technique, the particular geometrical distribution of the 

refractive index modification of the substrate at the focus of the ultrashort pulse train is 

difficult to control, which can have a large impact on the guiding properties of the fabricated 

devices. Therefore an evaluation of the refractive index profiles of the ULI fabricated 

waveguides will allow for a better understanding of the modification procedure and will also 

give valuable information about the nature of the nonlinear light matter interaction on which 

ULI is based. Most importantly the information gained regarding the effect the inscription 

parameters, such as waveguide cross-sections, inscription pulse energies and translation 

speeds, have upon refractive index profiles will provide extremely useful tools for tailoring 

the refractive index profiles of ULI fabricated structures for specific applications. 

Another important consideration when designing ULI devices is the dispersion and its 

origin. The knowledge of the dispersion at the operating wavelength is essential and it is often 

desirable for optical devices to operate as close as possible to the Zero Dispersion Wavelength 

(ZDW). In this work, for the first time, the dispersion of both the bulk substrate and a series of 

ULI fabricated waveguides in GLS is measured over a wide region of the near and mid-IR 

spectrum from 1.3-4.5 μm. The dispersion measurements performed here allow for the 

determination of the ZDW of both the bulk and the ULI waveguides revealing that it lies in 

the mid-IR, thereby defining them as excellent candidates for devices that operate in that 

region. Furthermore a comparison between the dispersion of the bulk GLS and the ULI 

fabricated waveguides provides information about the origin of the waveguide dispersion and 

the effect the inscription parameters have upon it. 

2. Waveguide fabrication 

The waveguides were fabricated using a mode-locked Yb-doped fiber laser which emitted 360 

fs pulses with a central wavelength of 1.045 μm and a pulse repetition rate of 500 kHz. The 

substrates were mounted on air bearing Aerotech stages and the pulses from the fabrication 

laser were focused inside the substrates to a depth of 240 μm from the top surface using 0.4 

NA and 0.6 NA aspheric lenses. The pulse energies incident on the sample varied from 52 to 

110 nJ using four different translation speeds, 1, 4, 8 and 12 mm/s with the substrates being 

moved perpendicular to the laser beam direction. The multi-scan inscription technique was 

used [34,35] yielding waveguides with rectangular cross-sections. After fabrication the input 

and output facets of the substrates were polished to optical quality. The optical quality of all 

the substrates used was very good; no variations in the waveguide properties were observed 

between different substrates, which points out one of the major advantages of the ULI 

technique. The guiding properties of the structures fabricated with this technique are easily 
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and accurately repeatable given that the quality of the substrates is ensured and the same 

inscription parameters are used. 

3. Refractive index profiling 

The quantitative phase microscopy (QPM) method [36] was used to obtain the refractive 

index profiles of the waveguides inscribed in the GLS glass substrate. The QPM commercial 

software (Iatia ltd.) proceeds from slightly defocused bright field images of the waveguide to 

extract a corresponding phase image. The refractive index profile is retrieved by applying an 

inverse Abel transform on this phase image [37]. Figure 1(a) shows the refractive index 

profiles of 5 different waveguides, fabricated in the same substrate, obtained with the method 

described above. The experimental error of this method is approximately 1 standard deviation 

of the averaged data [36]. 

 
 

Fig. 1. (a) Refractive index profiles along the line L1 shown in (c) of 5 waveguides of different 
widths inscribed with pulse energy 72nJ and translation speed 12mm/s using a 0.6 NA aspheric 

lens. (b) Maximum Refractive index increase of two sets of waveguides (red and black) 

inscribed with different translation speeds using again a 0.6 NA aspheric lens and a pulse 
energy of 94 nJ. (c) Top view of a GLS waveguide with the line L1 along which the refractive 

index profile Δn(x) is measured. 

The waveguides were inscribed with a pulse energy of 72 nJ and a sample translation 

speed of 12mm/s using a 0.6 NA aspheric lens. Each waveguide was fabricated with different 

number of scans thus yielding waveguides of different sizes with waveguide 1 having the 

smallest cross-section and waveguide 5 having the biggest cross-section. Waveguide 1 was 

measured to have a width of about 4 μm and every subsequent waveguide was 0.66 μm wider 

than the previous one so that the widest waveguide had a width of about 6.6 μm. The height 

was the same for all waveguides, about 18μm. The refractive index profile Δn(x) measured 

along the line L1 for each of the waveguides is shown in Fig. 1(a). 

Figure 1(b) shows the maximum refractive index increase Δn of two different sets of 

waveguides with increasing cross-sections, which where inscribed with different translation 

speeds and keeping all other inscription parameters the same. The waveguides were inscribed 

in the same substrate as the waveguides in Fig. 1(a) with pulse energy of 94 nJ using a 0.6 NA 

aspheric lens. The set inscribed with a sample translation speed of 4 mm/s presented higher 

maximum increase of the refractive index than the set inscribed with a speed of 8 mm/s which 

is attributed to the longer exposure time of the substrate at the focal region of the laser. Figure 

1(c) shows the top view of a GLS waveguide with the line L1 along which the refractive index 

profile is measured. 

As can be seen from Fig. 1(a) although the width of the waveguides is 4-6.6 μm the 

refractive index profiles present a small oscillation beyond the geometrical structure of the 
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waveguides, going below and then above the asymptotic bulk refractive index (Δn = 0), 

leading the total refractive index variation to extend up to 16 μm. This variation beyond the 

area modified by the laser is attributed to residual stresses induced in the bulk by the ULI 

technique. The main mechanisms considered responsible for the refractive-index increase, 

observed in femtosecond-laser-written waveguides are densification [38] and stress [39] 

induced by the laser in the glass substrate. Therefore the area modified by the laser will 

inevitably impose a certain amount of stress to its adjacent regions even though unmodified 

by the laser, thus causing the refractive index variation to extend beyond the modified region. 

 
 

Fig. 2. (a) Measured refractive index profile along the x-axis of waveguide 3 imported in 

Comsol, inset shows the modelled x,y refractive index distribution at 1.55 μm (b) Calculated 

mode profile of the fundamental mode at 1.55 μm for the imported waveguide geometry 
generated with Comsol. 

In order to better understand the waveguide confinement properties, we imported the 

measured x-axis refractive index profile of waveguide 3 presented in Fig. 1(a) into the 

commercially available Comsol Multiphysics software, as shown in Fig. 2(a). For the y-axis 

we assumed a uniform step-index structure. The inset shows the modelled x,y refractive index 

distribution at 1.55 μm, where we used the refractive index of bulk GLS at 1.55 µm to be 

2.3759. Figure 2(b) shows the calculated electric field profile of the fundamental mode at 1.55 

μm; this exhibited single mode operation. It is interesting to note that the obtained electric 

field profile is to a good approximation symmetric despite the asymmetric index distribution 

of the waveguide. This is due to the fact that at 1.55 μm the effective index of the fundamental 

mode is neff ~2.3764, which is well confined to the symmetric region of the waveguide. 

However, at shorter wavelengths, we could observe asymmetry in the electric field profile. 

The theoretical 1/e
2
 mode field diameters (MFDs) calculated by Comsol using the measured 

refractive index profile for waveguide 3 presented in Fig. 1(a) were 10.08 μm in the x-

direction and 18 μm in the y-direction. 

In order to verify the validity of the refractive index profiling the guiding properties of the 

waveguides were investigated by coupling 1.55 μm light into each waveguide and observing 

the mode profiles at the output facet. Figure 3(a) shows the end facet image of waveguide 3 

from Fig. 1(a) when viewed under a microscope in transmission mode. Figure 3(b) shows the 

imaged output facet of the waveguide whilst coupling 1.55 μm light into it, exhibiting single 

mode guiding. The mode profile was imaged using a 40× (0.65 NA) aspheric lens and 

captured using a Hamamatsu InGaAs infrared camera. The experimentally measured 1/e
2
 

mode field diameters for the waveguide were found to be 10.98 ± 1.15 μm in the x-axis and 

17.68 ± 2 μm in the y-axis in very good agreement with the theoretically simulated MFDs, 

thereby supporting the validity of the refractive index profiles. The waveguide mode cross-

sections are shown in Fig. 3(c). 
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Fig. 3. (a) End facet image of waveguide 3 taken in transmission mode, (b) corresponding 

mode profile image for waveguide 3 pumped at 1.55 μm, and (c) the associated mode cross-

sections at 1.55 μm in the vertical and horizontal directions. 

4. Waveguide dispersion measurements 

The material dispersion of the bulk substrate and the total dispersion of a series of inscribed 

waveguides was measured using white-light spectral-domain interferometry. The 

experimental setup for measuring the dispersion is shown in Fig. 4(a) and comprises a 

broadband mid-IR supercontinuum source (~1.3-4.5 μm), a balanced Mach-Zehnder free-

space interferometer, and a scanning spectrometer (0.4-5.0 μm). 

 

Fig. 4. (a) Experimental setup for measuring waveguide dispersion using a mid-IR 

supercontinuum source and a balanced Mach-Zehnder interferometer (LFP: Linear film 

polarizer, PBS: Plate beam splitter, AL: Aspheric lens, SM: Silver mirror, SM-ZCF: Single-
mode ZBLAN collecting fiber). (b) Example interference spectrum with clearly resolved 

interference fringes. The gap at 1.85 μm marks the phase equalization wavelength (λeq) of the 

test and reference beams. (c) Short-time Fourier transform analysis of the interference spectrum 
displaying the differential delay of the test and reference beams, showing only a single guided 

mode. 

Light was coupled to and collimated from the waveguides by aspheric lenses, and the two 

interfering beams were collected using a single-mode ZBLAN optical fiber. Proper guiding 

was verified by a PbSe focal plane array camera and optimized for maximum transmission by 

rotating the polarization of the source. Interference fringes, as seen in Fig. 4(b) were visible 

throughout the entire spectrum, providing around 600-700 interference extrema. These 

extrema were fitted to a fringe counting function using a modified Cauchy dispersion formula 

to model the wavelength dependence of the effective refractive index from which the 

dispersion was calculated [40]. From the interference spectrum, the guided mode properties of 

the waveguides were also investigated by short-time Fourier transform analysis. In Fig. 4(c) 

we show a spectrogram of the differential delay between the reference beam and the output of 

the largest tested waveguide (~12×18 μm). The results clearly demonstrate that this 

waveguide is single-moded above 1.3µm. 

Figure 5(a) shows the measured dispersion of the bulk glass substrate compared to the 

dispersion of two waveguides with the same dimensions but fabricated using different NA 
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inscription lenses. For the waveguide inscribed with the 0.4 NA aspheric lens we used a pulse 

energy of 64 nJ and a sample translation speed of 12mm/s, while for the waveguide inscribed 

with the 0.6 NA aspheric lens we used a pulse energy of 110 nJ and a sample translation speed 

of 12mm/s. From Fig. 5(a) it is seen that the dispersion of the waveguides is very similar to 

that of the bulk glass, with negligible impact from changing the inscription parameters, such 

as, the NA of the inscription lens and the pulse energy. 

 
 

Fig. 5. (a) Comparison of the measured dispersion of the bulk glass and two waveguides of 

identical dimensions but fabricated using different focusing lens NA and different pulse 

energy. (b) Zoomed-in view of the dispersion around the ZDW of the bulk glass and seven 
waveguides inscribed with the same parameters but having increasing cross-sections with 

waveguide 1 having the smallest cross section and waveguide 7 having the largest one. 

Figure 5(b) shows a zoomed-in view of the ZDW region of seven different waveguides, 

which all, except for waveguide 1, are seen to have almost identical dispersion curves. The 

waveguides were inscribed with a pulse energy of 110nJ and a sample translation speed of 

12mm/s using a 0.6 NA aspheric lens, but they were chosen to have increasing widths with 

waveguide 1 being the narrowest and waveguide 7 being the widest. Waveguide 1 was 

measured to have a width of about 3 μm and every subsequent waveguide was 1.98 μm wider 

than the previous one so that the widest waveguide had a width of about 15 μm. The height 

was the same for all waveguides, about 18 μm. The bulk glass ZDW was identified to be 

around 3.61 μm, and for waveguide 1 the ZDW was at 3.55 μm, whereas the other six 

waveguides had a measured ZDW between 3.66 and 3.71 μm. The divergence of the 

dispersion curves at the long-wavelength edge of the spectrum is assumed to be primarily due 

to the limitations of the fit over a broad spectral range. The discrepancy regarding the ZDW 

between waveguide 1 and waveguides 2-7 is attributed to the fact that the index contrast of 

waveguide 1 is very weak so its dispersion should be very close to that of the bulk material. 

In order to investigate the waveguide dispersion, the measured refractive index profiles of 

the waveguides were accurately imported into Comsol. The modelling revealed that the 

waveguide dispersion is indeed very small (1.77 ps nm
1

km
1

 at 2.5 μm); hence the total 

dispersion in the waveguides will be dominated by material dispersion, which is in agreement 

with the experimental observations. 

5. Conclusion 

We have used the ULI technique to fabricate waveguides embedded inside GLS substrates. 

The refractive index profiles of the waveguides were measured using QPM and the refractive 

index change due to the ULI was extracted along the horizontal axis. Valuable information 

regarding the effect the inscription parameters have on the refractive index profile was gained. 

Using the measured refractive index profiles the modal properties of the waveguides at 1.55 

μm were modelled using the commercially available software Comsol. The simulated mode 
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field diameters of the waveguides were in excellent agreement with the experimentally 

measured MFDs when guiding 1.55 μm light in the waveguides, thereby supporting the 

validity of the measured refractive index profiles. The dispersion of the waveguides and the 

bulk GLS was measured over a broad range of wavelengths in the near and mid-IR region 

spanning from ~1.3 to 4.5 μm. The ZDW for the waveguides and for the bulk substrate was 

determined to be between 3.66 and 3.71 μm for the waveguides and about 3.61 μm for the 

bulk. Furthermore the origin of the dispersion in the waveguides was investigated by 

importing the measured refractive index profiles into Comsol. The modelling revealed low 

waveguide dispersion, implying that the full dispersion in the waveguides will be dominated 

by material dispersion. Chalcogenide glasses due to their unique properties are a key 

technology for future telecommunications and mid-IR applications. The work done here 

helped obtain valuable information about ultrafast laser inscribed waveguides in GLS, a 

particularly appealing ChG glass, which open the potential for the realization of GLS ultrafast 

laser inscribed devices for telecommunications and mid-IR applications. 
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