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Abstract

We report on femtosecond laser writing of singlemode optical waveguides in chalcogenideGallium

LanthanumSulphide (GLS) glass. Amultiscan fabrication process was employed to create waveguides

with symmetric singlemode guidance and low insertion losses for the first time at 800 nmwavelength,

compatible with Ti:Sapphire ultrafast lasers and nonlinear photonics applications.μRaman and x-ray

microanalysis were used to elucidate the origin of the laser-induced refractive index change inGLS.

We found that the laser irradiation produced a gentlemodification of theGLS network, altering the

Ga–S and La–S bonds to induce an increase in the refractive index. Nonlinear refractive index

measurements of thewaveguides were performed byfinding the optical switching parameters of a

directional coupler, demonstrating that the nonlinear properties were preserved, evidencing that GLS

is a promising platform for laser-written integrated nonlinear photonics.

1. Introduction

Nonlinear optical processes gained increasing attention in the past decade as the basis for innovative

technologies in optics and photonics and in particular for all-optical signal processing [1]. The highly nonlinear

properties of chalcogenide glasses, i.e. glassesmade of one ormore chalcogen elements (O, S, Se, Te, Po) and

network formers (such as As, Ge, Sb, Ga, Si or P), have attracted great interest as a nonlinear photonics platform:

they have high linear and nonlinear refractive indices, a wide transparencywindowup to the infrared (IR) region

of the spectrum, a lowmaximumphonon energy and an ultrafast nonlinear response time in the femtoseconds

range [2]. Among the chalcogenides, commercially availableGalliumLanthanumSulfide (GLS) has the highest

nonlinearfigure ofmerit [3], being thermally stable up to 550 °C, and does not present toxicity related issues as

other commonly used chalcogenide glasses such as As2Se3.

Several approaches are available for creating optical circuits in chalcogenide glasses within thin films,

microspheres or opticalfibers [4]. Of particular interest is the fabrication of waveguides and other optical

components via femtosecond laser inscription [5]. This technology relies on the nonlinear absorption of

ultrashort laser pulses focused in the bulk of thematerial. The nonlinearity of the process leads to a localized

modificationwhich, inmost glasses generates a positive refractive index change. Unlike planar silica [6] and

silicon [7] technology, laser writing is a versatile techniquewhich allows the formation of waveguides in the bulk

of awide variety of dielectrics [8–11] in three dimensional geometries.

GLSwaveguides with low propagation losses of 1.5 dB cm−1 at 633 nmwavelength [5] and 0.65 dB cm−1 at

1560 nmwavelength [12] have previously been demonstratedwith femtosecond laserwriting. In addition,

femtosecond inscribedmid-IR photonic circuits for astronomical applications were reportedwith∼1 dB cm−1

loss at 3.39 μmwavelength [13, 14].
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Herewe report the femtosecond laserwriting of buriedwaveguides inGLS designed for the convenient

800 nmband compatible with Ti:Sapphire technology for ultrafast nonlinear switching [15] and single photon

sources for quantum information processing [16].

Waveguides were laser inscribed using themultiscan shaping approach, thus generating a gentle

modification and avoiding nonlinear propagation effects to obtain a symmetric refractive index profile [13]. To

gain further insight into the laser-formedmodifications, combined analysis frommicro-Raman (μRaman)

spectroscopy and energy dispersion x-ray (EDX) characterizationwas performed for the first time inGLS.

Furthermore, directional couplers were optically written intoGLS and showed towork as nonlinear optical

switches, with the nonlinear refractive index of thewaveguides deduced from the optical switching parameters.

The results presented here represent the first demonstration of laser-written photonic circuits in chalcogenides

operating at the convenient 800 nmwavelength.

2.Materials andmethods

2.1. Glass synthesis

Glasses were prepared by batching the constituent components in a controlled environment (N2 atmosphere)

glovebox. Ga2S3, La2S3 and La2O3were batched andmixed thoroughly to obtain a homogeneousmixture.

Vitreous carbon crucibles used for themelt werewashedwith de-ionized (DI)water and put in an ultrasonic

bath ofDIwater for 1 h, then immediately put into vacuumoven at a temperature of 80 °Covernight.

Meltingwas carried out in an in-house designed horizontal tube furnace equippedwith an adjacent water-

cooled jacket, in order to get adequate quench rates to obtain a glassymelt. The furnace temperature was raised

with a ramp rate of 20 °Cmin−1 to 1150 °Cand held for 24 h. Themelt was subsequently pushed out into the

aforementionedwater jacket, where it rapidly cooled from1150 °C to room temperature. The glass was

annealed at 530 °C for 24 h in order to relieve any stresses inherent as a result of the quenching process. The

linear refractive index of theGLS glass is 2.4 at 800 nmwavelength.

2.2. Femtosecond laser inscription ofGLSwaveguides

The femtosecond laser used forwaveguide writing inGLSwas a regeneratively amplified Yb:KGWsystem

(Pharos, Light Conversion)with 230 fs pulse duration, 1030 nmwavelength, focusedwith a 0.42NAmicroscope

objective (MPlanApo SL50XUltra-LongWorkingDistance Plan-Apochromat,Mitutoyo). The repetition rate

of the laser can be varied from1MHz to single pulse, but for the laserwriting experiments was heldfixed at

500 kHz. Computer-controlled, 3-axismotion stages (ABL-1000, Aerotech) interfaced byCAD-based software

(ScaBase, Altechna)with an integrated acousto-opticmodulator were used to translate the sample relative to the

laser to form the desired photonic structures. Thewaveguides were scanned transversally with respect to the

incident laser, with the polarization perpendicular to the scan direction.

Waveguides were inscribed at a depth of 150 μmbelow the glass surface, with incident laser powerP ranging

from10 to 250 mW (laser pulse energies from20 to 500 nJ). Eachwaveguide consisted of 18 consecutive laser

scans separated by 0.3 μm. Four translation speeds v=5, 10, 20, and 50 mm s−1were used to inscribe each

batch of waveguides. The sample facets were polished after the inscription for an optimumoptical quality. Sets of

directional couplers were fabricatedwith an input-to-input port distance p=100 μm,R=45 mmbend radius

and a center to center separation distance in the interaction region of s=7 μm.The interaction length Lwas

varied between 0 and 2 mm in steps of 0.25 mm.

2.3.Waveguide anddirectional coupler characterization

Waveguide transmissionmeasurements were performed using butt-coupled fibers.High resolution 3-axis

manual positioners (NanomaxMAX313D, Thorlabs)were used for fiber in and fiber out alignments. The four-

axis central waveguidemanipulator (MicroBlockMBT401D, Thorlabs) enabled transverse displacement

between sets of waveguides in the sample. A light source at 808 nm (S1FC808, Thorlabs)was coupled to the

waveguides using single-mode fiber (780HP, Thorlabs). At the output, light wasfiber-coupled to an optical

powermeter (818-SL,Newport) tomeasure the power transmitted through thewaveguide. Tomeasure the

near-fieldwaveguidemode profile, a 60× asphere (5721-H-B,Newport)was used to image the light onto a beam

profiler (SP620U, Spiricon).

2.4. Nonlinear characterization of directional couplers

The nonlinear characterization of the directional couplers was performedwith a home built amplified Ti:

Sapphire laser systemoperating at 2 kHz repetition rate, 180 fs pulsewidth and 800 nmwavelengthwas used to

couple the light into one of the input ports of the directional couplers by focusing the light with a 0.16 NA

antireflection coated objective. A 0.25 NAmicroscope objective was used to collect the output guidedmodes
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from the end facet of the glass sample and subsequently light was sent into a Si CCD camera for power detection

(SP620U, Spiricon). The light power at the inputwasmeasured using a silicon photodetector placed before the

focusing objective.

2.5. Raman spectroscopy

To gain better understanding of thewaveguide formation in bulkGLS,μRamanmeasurements were performed.

TheμRaman spectrawere recorded in aHoriba Jovin Yvon LabRAMHR800 confocalmicroscope, equipped

with an air-cooled CCD. The excitationwavelengthwas 633 nm from aHe–Ne laser source. A 100×(0.9NA)

objectivewas used to focus the laser on the sample aswell as to collect the Raman spectra (backscattering

configuration), with a spatial resolution below 1 μm.

2.6. EDX compositional analysis

EDXwas performed to study the compositional element analysis of the laser formedwaveguides. EDX

measurements were done in a BrukerQuantax 70 EDS system attached to a scanning electronmicroscope

Hitachi TM3000, operated at 15 kV. The energy resolution for this system is around 154 eV (for CuKα).

Backscattered electron (BSE) imageswere taken also in theHitachi TM300 SEM.

3. Results and discussion

3.1.Waveguide characterization

Figure 1 shows the cross-sectional (a) and overhead (b)microscopic view andmode profile (c) for the lowest loss

waveguide, formedwith a pulse energy of 70 nJ and a scan speed of 5 mm s–1. For energies above 80 nJ, the

waveguides weremultimode. The insertion loss of the optimumwaveguide was 2.0 dB and the coupling loss was

estimated to be 0.7 dB/facet, obtained from the overlap integral between thewaveguide (mode field diameter,

MFD=7.5 μm) and fiber (MFD=5 μm)modes. After accounting for a Fresnel reflection of 0.2 dB/facet, we

infer a propagation loss of∼0.1 dB cm−1. Assuming a step profile of the refractive index change and given the

experimentallymeasuredMFDof 7.5 μm,we estimate a refractive index increase ofΔn=10−3using a

commercialmode solver (LumericalMODESolutions). Due to the gentle andmultiscan laserwriting used to

form thewaveguide cross section, it is a reasonable assumption that the refractive index profile follows a step

profile. This is in contrast to a higher pulse energy and single scan approach, which leads to amore complex

refractive index distribution.

The slightly rectangular waveguide cross section shown infigure 1(a) formedwith themultiscanmethod led

to the best compromise between a tightly confinedmode and lowpropagation loss.When usingmore transverse

scans to produce a squarewaveguide cross section, thewaveguide becamemultimode.

3.2.Directional couplers characterization

As shown infigure 2, we defined directional couplers with S-bendswhich bring twowaveguides in close

proximity to enable evanescent light coupling, andwith the following geometry: radius of curvatureR,

interaction length L, center to center separation in the interaction region s, separation between the two ports p.

Tofind the optimum radius of curvature for the S-bends, a study of bend loss with varying radius of

curvaturewas performed. The bend loss was calculated by subtracting the insertion loss of the straight

waveguide from the insertion loss of the two S-bendsmaking up one armof the directional coupler. Figure 3

shows the bend loss versus radius of curvature. As expected, larger bend radii offer lower losses, but result in

longer axial length of the S-bends, increasing the overall size of the chip (defined as axial footprint of a directional

coupler with zero interaction length). The best compromise between the losses and the size of the chipwas

obtainedwith a radius of curvature of 45 mm.

Figure 1.Transverse (a) and overhead (b)microscope view of the waveguidewrittenwith 70 nJ and 5 mm s–1. (c)The guidedmode at
808 nmwavelength. The scale bar corresponds to 10 μm.
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Symmetric directional couplers were laser written in the bulk of theGLS samplewith varying interaction

length L forR=45 mmand separation between thewaveguides in the interaction region s=7 μm.The

optimumparameters (pulse energy 70 nJ and scan speed 5 mm s–1) for straight waveguide fabricationwere used

to fabricate the couplers. The separation between the ports pwasfixed at 100 μm, a convenient separation for

fiber characterization.

The laser written directional couplers were characterized by fiber launching 808 nmwavelength light into

one armof the directional coupler andmeasuring the power at the output of the cross and through output ports.

A plot of coupling ratio versus the interaction lengthwas obtained, as shown infigure 4. This plot waswell fitted

to a sine square function according to the equation
l

LCR sin ,
B

2
p
l

=
⎛

⎝
⎜

⎞

⎠
⎟

( )
whereCR is the power coupling ratio,

lB the coupler beat length,λ thewavelength and L the interaction length. The peak coupling ratio obtainable was

54%, somewhat short of the ideal 100%, due to differing propagation constants of the twowaveguides forming

the directional coupler [17]. As thewaveguides were fabricated in the non-heat accumulation regimewith

multiple passes, thewaveguides aremore sensitive to any fluctuations during fabrication compared to

waveguides writtenwith the cumulative heating process [17]. Further optimization of the laser-written

waveguides could lead to an increase in this peak coupling ratio.

3.3. Nonlinear switching in directional couplers

An all-optical switch is a device that allows the control of an optical signal through the use of another optical

signal [15]. In optical communication systems, large bandwidths, ultrafast switching speeds below the sub-

picosecond range and processing signals already in the formof light can be especially profitable. Specifically,

researchers look for optical devices that fulfil requirements for practical applications in terms of low power

consumption, low switching thresholds, fast switching times and high transmission ratios. Some previous key

example devices working as all-optical switches are photonic crystals,metamaterials, microring resonators and

Figure 2. Sketch of a symmetric directional coupler showing the various parameters defining it radius of curvatureR, interaction
length L, center to center separation between thewaveguides in the interaction region s, separation between the two ports p. On the
left, a side view opticalmicroscope image of the two input ports is shown and, on the right, the outputmodesmeasured for a
directional coupler with 50%coupling ratio is shown.

Figure 3.Measured bend loss of two S bends and chip length (two S bendswith zero interaction length) versus radius of curvature.
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surface plasmon polaritons [15]. Among all of them, third order nonlinear directional couplers present the

fastest switching speeds, at the femtosecond level, but with the disadvantage of owning lower transmittance

ratios and slightly higher pumppower thresholds than their counterparts [15].

The nonlinear directional couplers act as an ultrafast all-optical switching device due to the power control of

a unique input signal. In this case, the foundation of all-optical switching relies on the refractive index change of

thematerial, induced by the nonlinear Kerr effect. Therefore, all-optical switching ismanifested as an intensity

dependent refractive index change induced in the nonlinearmaterial [18]:

n n n I ,0 2= +

where n0 is the linear refractive index, n2 is the nonlinear refractive index and I is the intensity of the control

light.

When an intense electromagnetic field propagates through the glass waveguide, a nonlinear polarization

manifests itself in themedium and subsequentlymodifies the propagation properties of the light. In the case of

GLS glass, this nonlinear effect occurs because of the high third order hyperpolarizability of the sulphide ion [4].

Therefore, the light propagation through a directional coupler will periodically alternate fromone

waveguide to the other onewhile the input irradiance changes. At low input irradiances, the propagation of light

will remain in the linear regime. At high input irradiances, the nonlinear effect induced in themediumwill lead

to self-focusing or self-trapping causingmost of the light to remain in the through output port waveguide [18].

The directional coupler selected for themeasurement of the nonlinear refractive index had an interaction

length L=250 μmfor∼50/50 coupling in the linear regime. The relative transmission of the through and cross

outputwaveguide ports as a function of the input irradiance is shown infigure 5. The switching input irradiance

needed to achieve the same power in the through (bar) and cross ports was 7.1×1015Wm–2. For lower input

irradiances,most of the light was evanescently coupled into the cross waveguide, with a relative transmission of

the cross output port at 54%. For values above the switching irradiance,most of the light is in the through port,

with the relative transmission of the cross port decreasing to 48%.We observed that this process was fully

reversible by lowering the input power.

Thenonlinear phase change inducedwithin the directional coupler, due tononlinear refraction, is given by [19]:

Ln I2
,

2f
p
l

D =

where L is the interaction length of the directional coupler, n2 is the nonlinear refractive index of thewaveguide,

I is the input irradiance andλ is the operating wavelength.

Taking into account that the phase change required to switch a nonlinear directional coupler is

approximately 4π [19] and considering the Fresnel losses at the input facet of thewaveguide, an evaluation of the

nonlinear refractive index of the laser writtenwaveguides can be performed. For the directional coupler, the

nonlinear refractive index of thewaveguide is 9.0×10−19m2W−1, on the same order ofmagnitude as the value

reported for pristineGLS [4]. Kar’s group previously reported a reduction in the nonlinear refractive index for

laser-writtenwaveguides inGLSwhen characterized at 1550 nm [20].We attribute this discrepancy due to the

Figure 4.Plot of coupling ratiowith respect to the interaction lengthwith the sin squared fitting represented in blue.
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gentlermodificationwe used to formwaveguideswith a lower refractive index change for the singlemode

guiding of 800 nm light.

3.4. Structural and compositional characterization

Initial characterization of the pristine glass has been performed to understand the changes that the femtosecond

laserwriting is producing in thematerial. Infigure 6(a) the absorption spectrumof a sample is shown,where the

absorption edge is around 515 nm, similar to previously reported values [21]. An EDX spectrum is presented in

figure 6(b), confirming the presence of S, Ga, and La in a proportion 4:2:1. EDXmeasured at different points and

in different samples indicate a uniformdistribution of the three elements. No oxygen signal was detected.

Before explaining the Raman spectra recorded inGLS glass, a brief description of the glass network is needed

to understand the spectra. Ga atoms are bonded to sulfur forming tetrahedral networks ofGaS4,which are the

glass units. S2− anions provided by themodifying lanthanum sulfidemaintain the tetrahedral environment of

GaS4, as gallium sulfide alone cannot form a glass. The negatively chargedGaS4 tetrahedra are reception sites for

La3+cations [22].

The Raman spectra of theGLS glass is then generally dominated by themodes associatedwith theGaS4
tetrahedra vibrations [23, 24]. As shownfigure 7, themain band is located between 250 and 450 cm−1 and

centred at 325 cm−1. Other bands are also visible in the region 100–250 cm−1. The dominant band at 325 cm−1

is ascribed to symmetrical stretching vibrations of theGaS4units, whereas the band at 140 cm
−1 is associated to

the asymmetrical bending. Band around 100 cm−1 and 380 cm−1, which are less defined in the spectrum, come

from the symmetrical bending and the asymmetrical bending, respectively. The band related to the La–S

vibration is found at 215 cm−1
[25]. There is no evidence of crystallization in the Raman spectra taken in the

pristinematerial as well as in the spectra of thewaveguides.

In theμRaman spectra recorded inside thewaveguides (figure 8), there are twomain effects observed. The

first effect is the increase of the total Raman signal (figures 7 and 8(a)). The second observation is the increase of

the relative intensity of the band associatedwith La–S bonds at 215 cm−1
(figures 8(b), (c)). Also, slight changes

of relative intensity of the different vibrationmodes of theGaS4 tetrahedra are observed. These variations of the

μRaman spectra are uniform inside the region of thewaveguide, as shown in themaps offigures 8(a)–(c).

Figure 5.Bar and cross output relative transmissions as a function of input irradiance. The point at which the output relative
transmissions become equal is for an input irradiance of 7.1×1015 W cm−2.

Figure 6. (a)Absorbance and (b)EDX spectra of pristineGLS.
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The changes in the relative intensity of theGaS4 relatedmodes is related to slight deformations of the bonds

of the tetrahedral (i.e. bonding angles). Also the increase of the total Raman intensity is related to a deformation

of bonds in theGLS network, which produces an increase of polarizability and/or density of thematerial in the

waveguide. This produces the observed increase in the refractive index. The increase of the relative intensity of

the La–S vibration band is related to the breaking ofGa–S bonds and the formation of newLa–S bonds.

In other results of femtosecond laser writing of waveguides in glasses containing lanthanum, the increase in

the refractive indexwas attributed to ionmigration [25, 26]. For theGLS systemutilized in this work, and for all

thewaveguides studied, no Z-contrast was observed in the BSE images, which suggests that the laser did not

produce a strong elemental compositional change in the irradiated glass network. It is possible that the heat

accumulation regime during femtosecond laser writing [27, 28] could lead to amigration of ions inGLS. From

the EDXmeasurements, presented infigure 8(d) (La in red, S in green andGa in blue)no significantmigration of

Figure 7.μRaman spectra recorded on pristine GLS (blue curve) and on awaveguide (red curve)writtenwith a laser energy of 70 nJ
and a scan speed of 5 mm s–1. The excitationwavelength is 633 nm.

Figure 8. (a)–(c)μRamanmaps of different bands in awaveguidewrittenwith a laser energy of 70 nJ and a scan speed of 5 mm s–1.
(a) Intensity of the band at 325 cm−1

(symmetrical stretching vibrations of theGaS4 units). The inset shows the transverse optical
microscope image of the waveguide. (b) Intensity of the band at 215 cm−1

(La–S bond vibrations). (c) Intensity ratio of the 215 and
325 cm−1 band. All the scale bars are 2 μm. (d)BSE image and EDXmaps of the different elements (La in red, S in green, Ga in blue).
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the elements is observed inside thewaveguide. These observations are in agreementwith previously reported

EDX studies performed inGLSwaveguides, where no compositional changes were detected [29]. Then, from

EDX andRamanmeasurements, the laser is inducing changes of theGa–S and La–S bondings in the focal

volume, producing a rearrangement of the glass network that leads to an increase in the refractive index.

If the pulse energy used to fabricate thewaveguides is too high, dark filaments appear around thewaveguide.

The Raman signal in these darker region decreases (seefigures 9(a), (b)), an effect that is typically associatedwith

extended defects formation and broken bonds [12]. So if the pulse energy is too high, the glass is not able to

rearrange the bonds and the glass network suffers an expansion (evidenced also in the BSE images with a swollen

region at the surface, not shown) and a decrease of the refractive index. This is the opposite effect to the one

observed for low pulse energies. Further increment of the laser power produces a high damage in the glass,

expanding the glass network and creating voids that sometimes emerge to the surface, as shown in the BSE image

offigure 9(c). EDXmap offigure 9(d) shows that thematerial (mainlyGa and S) is ejected outside the laser-

written tracks. The creation of voids for higher pulse energies has also been observed in other glasses like fused

silica [30].

4. Summary

In summary, we fabricatedwaveguides inGLS using focused femtosecond laser pulses, demonstrating single

mode guidance and an insertion loss of 1.9 dB at 800 nmwavelength. Ultrafast all-optical switchingwas

performedwith femtosecond laser pulses using the laserwritten directional couplers and the nonlinear

refractive indexwas found to be on the same order ofmagnitude as the pristinematerial. EDX andRaman

measurements performed in thewaveguides showed that the laser irradiation produced a gentlemodification of

theGLS network, altering theGa–S and La–S bonds to induce an increase in the refractive index.
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