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Abstract: Optical straight waveguides are inscribed in GeGaS and
GeGaSSb glasses using a high repetition-rate sub-picosecond laser. The
mechanical properties of the glasses in the inscribed regions, which have
undergone photo induced changes, have been evaluated by using the nano-
indentation technique. Results show that the hardness and elastic modulus
of the photo-modified glasses are significantly lower as compared to the
other locations in the waveguide, which tend to be similar to those of the
unexposed areas. The observed mechanical effects are found to correlate
well with the optical properties of the waveguides. Further, based on the
results, the minimum threshold values of hardness and elastic modulus for
the particular propagation mode of the waveguide (single or multi), has been
established.

©2013 Optical Society of America

OCIS codes: (230.3120) Integrated optics devices; (140.3390) Laser materials processing;
(320.7130) Ultrafast processes in condensed matter, including semiconductors.

References and links

1.

10.

11.

12.

13.

A. Zakery and S. R. Elliott, “Optical properties and applications of chalcogenide glasses: a review,” J. Non-
Cryst. Solids 330(1-3), 1-12 (2003).

B. J. Eggleton, B. L. Davis, and K. Richardson, “Chalcogenide photonics,” Nat. Photonics 5, 141-148 (2011).
D. Lezal, J. Pedlikova, and J. Zavadil, “Chalcogenide glasses for optical and photonics applications,” J.
Optoelectron. Adv. Mater. 6, 133—137 (2004).

A. B. Seddon, “Chalcogenide glasses: a review of their preparation, properties and applications,” J. Non-Cryst.
Solids 184, 44-50 (1995).

J. S. Sanghera and 1. D. Aggarwal, “Active and passive chalcogenide glass optical fibers for IR applications: a
review,” J. Non-Cryst. Solids 256-257, 6—16 (1999).

J. A. Frantz, L. B. Shaw, . S. Sanghera, and I. D. Aggarwal, “Waveguide amplifiers in sputtered films of Er’*-
doped gallium lanthanum sulfide glass,” Opt. Express 14(5), 1797-1803 (2006).

S. J. Beecher, R. R. Thomson, N. D. Psaila, Z. Sun, T. Hasan, A. G. Rozhin, A. C. Ferrari, and A. K. Kar, “320 fs
pulse generation from an ultrafast laser inscribed waveguide laser mode-locked by a nanotube saturable
absorber,” Appl. Phys. Lett. 97(11), 111114 (2010).

S. R. Ovshinsky, “Reversible electrical switching phenomena in disordered structures,” Phys. Rev. Lett. 21(20),
1450-1453 (1968).

K. M. Davis, K. Miura, N. Sugimoto, and K. Hirao, “Writing waveguides in glass with a femtosecond laser,”
Opt. Lett. 21(21), 1729-1731 (1996).

A. Rodenas, G. Martin, B. Arezki, N. Psaila, G. Jose, A. Jha, L. Labadie, P. Kern, A. K. Kar, and R. R. Thomson,
“Three-dimensional mid-infrared photonic circuits in chalcogenide glass,” Opt. Lett. 37(3), 392-394 (2012).

L. B. Fletcher, J. J. Witcher, N. Troy, S. T. Reis, R. K. Brow, R. M. Vazquez, R. Osellame, and D. M. Krol,
“Femtosecond laser writing of waveguides in zinc phosphate glasses [Invited],” Opt. Mater. Express 1(5), 845—
855 (2011).

T. Sabapathy, A. Ayiriveetil, A. K. Kar, S. Asokan, and S. J. Beecher, “Direct ultrafast laser written C-band
waveguide amplifier in Er-doped chalcogenide glass,” Opt. Mater. Express 2(11), 15561561 (2012).

R. R. Gattass and E. Mazur, “Femtosecond laser micromachining in transparent materials,” Nat. Photonics 2(4),
219-225 (2008).

#186380 - $15.00 USD Received 5 Mar 2013; revised 2 Apr 2013; accepted 5 Apr 2013; published 1 May 2013
(C) 2013 OSA 1 June 2013 | Vol. 3, No. 6 | DOI:10.1364/OME.3.000684 | OPTICAL MATERIALS EXPRESS 684



14. S. M. Eaton, H. Zhang, M. L. Ng, J. Li, W. J. Chen, S. Ho, and P. R. Herman, “Transition from thermal diffusion
to heat accumulation in high repetition rate femtosecond laser writing of buried optical waveguides,” Opt.
Express 16(13), 9443-9458 (2008).

15. M. Shimizu, M. Sakakura, M. Ohnishi, Y. Shimotsuma, T. Nakaya, K. Miura, and K. Hirao, “Mechanism of
heat-modification inside a glass after irradiation with high-repetition rate femtosecond laser pulses,” J. Appl.
Phys. 108(7), 073533 (2010).

16. O. Caulier, D. Le Coq, L. Calvez, E. Bychkov, and P. Masselin, “Free carrier accumulation during direct laser
writing in chalcogenide glass by light filamentation,” Opt. Express 19(21), 20088-20096 (2011).

17. C. B. Schaffer, A. Brodeur, J. F. Garcia, and E. Mazur, “Micromachining bulk glass by use of femtosecond laser
pulses with nanojoule energy,” Opt. Lett. 26(2), 93-95 (2001).

18. A. Saliminia, T. V. Galstian, and A. Villeneuve, “Optical field-induced mass transport in As,S; chalcogenide
glasses,” Phys. Rev. Lett. 85(19), 4112-4115 (2000).

19. H. Hisakuni and K. Tanaka, “Optical microfabrication of chalcogenide glasses,” Science 270(5238), 974-975
(1995).

20. N.D. Psaila, R. R. Thomson, H. T. Bookey, S. Shen, N. Chiodo, R. Osellame, G. Cerullo, A. Jha, and A. K. Kar,
“Supercontinuum generation in an ultrafast laser inscribed chalcogenide glass waveguide,” Opt. Express 15(24),
15776-15781 (2007).

21. J. E. McCarthy, H. T. Bookey, N. D. Psaila, R. R. Thomson, and A. K. Kar, “Mid-infrared spectral broadening in
an ultrafast laser inscribed gallium lanthanum sulphide waveguide,” Opt. Express 20(2), 1545-1551 (2012).

22. A.Rodenas, A. Benayas, J. R. Macdonald, J. Zhang, D. Y. Tang, D. Jaque, and A. K. Kar, “Direct laser writing
of near-IR step-index buried channel waveguides in rare earth doped YAG,” Opt. Lett. 36(17), 3395-3397
(2011).

23. W. C. Oliver and G. M. Pharr, “An improved technique for determining hardness and elastic modulus using load
and displacement sensing indentation experiments,” J. Mater. Res. 7(06), 1564—1583 (1992).

24. M. S. R. N. Kiran, S. Varughese, U. Ramamurty, and G. R. Desiraju, “Effect of dehydration on the mechanical
properties of sodium saccharin dihydrate probed with nanoindentation,” CrystEngComm 14(7), 2489-2493
(2012).

25. R. Osellame, S. Taccheo, M. Marangoni, R. Ramponi, P. Laporta, D. Polli, S. De Silvestri, and G. Cerullo,
“Femtosecond writing of active optical waveguides with astigmatically shaped beams,” J. Opt. Soc. Am. B 20(7),
1559-1567 (2003).

26. M. Ams, G. D. Marshall, D. J. Spence, and M. J. Withford, “Slit beam shaping method for femtosecond laser
direct-write fabrication of symmetric waveguides in bulk glasses,” Opt. Express 13(15), 5676-5681 (2005).

27. Y. Cheng, K. Sugioka, K. Midorikawa, M. Masuda, K. Toyoda, M. Kawachi, and K. Shihoyama, “Control of the
cross-sectional shape of a hollow microchannel embedded in photostructurable glass by use of a femtosecond
laser,” Opt. Lett. 28(1), 55-57 (2003).

28. M. L. Trunov, S. N. Dub, and R. S. Shmegera, “Photo-induced transition from elastic to plastic behaviour in
amorphous As-Se films studied by nanoindentation,” J. Optoelectron. Adv. Mater. 7, 619-624 (2005).

29. 1. Manika and J. Teteris, “Photoinduced changes of mechanical properties in amorphous arsenic chalcogenide
films,” J. Non-Cryst. Solids 90(1-3), 505-508 (1987).

1. Introduction

Chalcogenide glasses (ChGs) are an important class of amorphous semiconductors due to
their unique optical properties especially their high third order optical non-linearity
compared to other glasses (~10° times higher than that of a-SiO,) [1], good transmittance in
the infrared region (sulphides ~11 um, selenides ~15 pm and tellurides ~20 um) [2] and low
phonon energy [3]. They are also good host materials for rare earth ions. ChGs also exhibit a
variety of photo-induced phenomena not normally observed in crystalline chalcogenides [4].
Due to these interesting properties, ChGs are widely used in electronic, photonic and
optoelectronic industries in several applications such as IR optical devices [5], amplifiers and
lasers [6,7], phase change memory devices [8] and optical waveguides [9,10].

Recently, concerted efforts have been made to the fabricate three dimensional (3D)
photonic integrated devices in ChGs using the ultrafast laser writing technique [9,11,12]. The
direct laser writing (DLW) technique allows to fabricate integrated optical elements such as
gratings or optical waveguides at the surface or deep inside ChGs, without the need for
complex lithography and clean room facilities [13]. It is based on the principle that within the
focal volume of an ultra-short laser pulse, the structure of the glass can get modified due to
multi-photon and/or avalanche nonlinear ionization, so that the modified region will have a
smaller volume than that of the focal zone if the fluence is kept close to threshold. It is also
known that the accumulation of thermal energy that occurs during laser writing produces a
heat-modified volume which can be much larger than that of the photo-excited region. In

#186380 - $15.00 USD Received 5 Mar 2013; revised 2 Apr 2013; accepted 5 Apr 2013; published 1 May 2013
(C) 2013 OSA 1 June 2013 | Vol. 3, No. 6 | DOI:10.1364/OME.3.000684 | OPTICAL MATERIALS EXPRESS 685



general, the final degree of modification of the glassy matrix, as well as its volume, will
depend on the interplay of many different factors, such as the laser pulse repetition rate, the
effective exposure time, the resultant heat accumulation, the heat diffusion from the active
volume [14], the glass properties, the temperature-dependence function of the glass viscosity
[15], the free carrier accumulation [16], etc.

Generally, photo induced modifications are associated with changes in density and
refractive index [17], mass transfer [18], the fluidity of the glasses [19], etc. Understanding
the precise mechanisms which drive the photo-induced changes in a chalcogenide glasses is
essential for the development of active and passive photonics devices for wavelengths from
the visible to the mid-infrared [20,21]. In the present work, we employ the nano-indentation
technique, which allows measurement of the mechanical properties of small volumes of
materials, to characterize optical straight waveguides inscribed in GeGaS and GeGaSSb
glasses using femto-second laser pulses. Importantly, we show that it can also be utilized to
identify the right combination of process parameters which would produce good waveguides.

2. Experiments
2.1 Materials synthesis

Bulk GeGaS and GeGaSSb glasses have been prepared by vacuum-sealed melt quenching
technique. Appropriate quantities of high purity (99.999%) constituent elements are sealed in
flattened quartz ampoules under a vacuum of 10~ Torr. The sealed ampoules are subsequently
heated in a rocking furnace to a temperature above the melting temperature of the constituents
at a heating rate of about 100 °C/h. The ampoules containing the melt are rotated continuously
at 10 rpm for about 12 h, to ensure the homogeneity of the melt. The ampoules are
subsequently cooled down in air to obtain optical quality bulk glasses.

2.2 Laser inscription of waveguides

The waveguides have been written in a GeGaS glass sample of 5 mm length using an
amplified Yb-doped fiber femtosecond laser (IMRA pjewel D400). During inscription, the
pulse repetition rate and polarization are set at 100 kHz and circular respectively. The pulse
duration is 440 fs and the central wavelength of the laser radiation is 1047 nm. Different
straight waveguides have been written 100 pm below the surface of the glass using a
microscope objective with a numerical aperture of 0.9 NA. Different laser pulse energies from
276 to 62 mW, and translation speeds of 1, 2, 3 and 4 mm/s, have been utilized. The
experimental details of the laser inscription of waveguides are described elsewhere [22].

After fabrication, the sample facets are polished to optical quality to reveal the waveguide
cross-sections. All the photo induced tracks appear to clearly guide light both in the visible
and near-infrared, characterized by an increased refractive-index, with a morphology which
suggests the thermal accumulation phenomena as one of the main driving modification
mechanisms.

2.3 Nanoindentation studies

Nanoindentation studies are performed on the samples using the Triboindenter (Hysitron,
Minneapolis, USA) with in situ imaging capability. The machine continuously monitors the
load P and the depth of penetration % of the indenter with resolutions of ~1 nN and ~0.2 nm,
respectively. A Berkovich tip diamond indenter with a tip radius of ~100 nm is used for
indentation. A peak load P, of 8 mN with loading and unloading rates of 0.8 mN/s and a
hold time (at P,,) of 10 s is employed. Post-indentation images of the impressions are
captured immediately. A minimum of eight indentations have been performed in each case
and the average of them is reported. The P-k curves are analyzed using the Oliver-Pharr
method [23] to extract the elastic modulus, £, and hardness, H, of the glasses. The detailed
methodology is given in [24].
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2.4 Optical characterization

The waveguide mode near-field image at 1550 nm wavelength and the waveguide core
structure (under visible light optical microscope examination) are shown in Figs. 1(a) and 1(b)
respectively . Further details about the waveguides have been provided elsewhere [11].

In Fig. 1(a), the tear drop waveguide structure seen is due to the geometry used for
fabricating the waveguide. The transverse geometry is advantageous as in the longitudinal
inscription, the length of the waveguide is limited to the stage travel range. However, the
transverse geometry suffers from the disadvantage of asymmetry in the shape of the
waveguide (tear-drop); the asymmetry occurs because of the fact that the focus diameter of
the laser beam (2w, few um, where w, is the radius of the focus diameter) is much smaller
than the confocal parameter (b = 2mw,*/A) [25], where, A is the wavelength of the laser. In this
context, it is interesting to note that there are earlier studies which discuss the asymmetry and
the parameters that control the spatial formation of the direct laser written waveguide [26,27].

10 pm

Fig. 1. (a) An optical micrograph of the single mode waveguide structure with 50X
magnification under white light illumination and (b) its near field image atl550 nm
wavelength.

3. Results and discussion

Measured values of £ and H indicate to three distinct regions within the inscribed waveguide
(Fig. 2(a)) and outside the waveguide; region I which corresponds to the whole waveguide
structure and region II corresponding to the top of the tear-drop (identified as position “0” in
Fig. 2(a)). The region III pertains to remaining region, unexposed to light i.e., outside the
waveguide. The representative load, P, vs. displacement, %, curves obtained from the three
regions are shown in Fig. 2(b). The measured values of £ and H at different positions in the
waveguide are shown in Fig. 2(c). It is observed that both £ and H are similar at different
places of the waveguide and the region III, except at position “0” wherein they are nearly half
of the bulk values. While the average values of E and H at different places of the waveguide
are 30 and 3 GPa, respectively, they are 15 and 0.75 GPa respectively at position “0”.
Interestingly, not much difference is observed in the properties in the laser exposed and un-
exposed regions. Both the regions exhibit a smooth P-A behaviour with significant levels of
residual depths upon complete unloading. Images of the indentation impressions show neither
corner cracking nor pile-up of the material against the indenter.
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Fig. 2. (a) Geometry of the waveguide. (b) Representative load, P, vs. displacement, A, curves
at different locations of the waveguide on GeGaS glass (c) Variation of £ and H with the
positions in the waveguide and (d) Representative load, P, vs. displacement, %, curves at
different locations of the waveguide on GeGaSSb glass.

The extent of the laser induced structural modification is gauged by the difference between
the £ and H values measured at the position “0” and the average £ value obtained in other
regions (both exposed and unexposed). This difference is denoted as AE and AH respectively.
Based on 4F and 4H, it can be suggested that the material at Oth position is severely modified
by the laser and the same was reflected as 4E and 4H.
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Fig. 3. Variation of (a) AE and (b) AH with varying the laser translation speeds at position zero.

Variations in 4E and AH with the translation speed of the laser and at different laser
energy levels are plotted in Figs. 3(a) and 3(b). From these plots, it is seen that in general
higher energy leads to higher values of 4E and 4H; also, low translation speeds (< 2 mm/s)
results in a significant drop in both £ and H at position “0”, with the increase in translation
speeds. However, above 2 mm/s, an increase in 4E and AH is observed, especially at higher
energy levels employed (72 and 69 mW). However, at 65 mW energy, there is no significant
change in AF and 4H with translation speeds above 2 mm/s. Thus, an energy of 65 mW with
translation speeds between 2 and 4 mm/s appear to optimal from the viewpoint of obtaining
the ‘uniform’ waveguide.

It is also interesting to examine the correlation between the measured variations in
mechanical properties and the optical characteristics of the waveguides. It is found that when
the values AE and 4H are below 1.85 and 0.56 GPa, respectively, the waveguides support a
“single mode” at 1550 nm. Above these values, the waveguides support multi-modes. These
results are in conformity with the near field images shown in Fig. 1(b).

In order to examine the repeatability and universality of the present observations in other
chalcogenide glasses, nanoindentation studies have been performed on waveguides written on
GeGaSSb glass under the similar experimental conditions. The GeGaSSb waveguides are
written using DLW technique and with the repetition rate at 500 kHz and the energies are
varied from 183 mW to 66 mW. The results observed indicate that the effects seen in GeGaS
glass waveguide are also seen in GeGaSSb glass waveguide which is shown in Fig. 2(d).

Earlier studies on the mechanical properties of chalcogenide glasses reveal that H and £
change during under band-gap illumination [28,29], which has been attributed to thermal
annealing. However, the present results reveal that there is the difference in mechanical
properties of the material at light exposed and unexposed regions is insignificant, except at
position “0”. In glasses, reduction in £ and H values indicate significant density reductions.
Thus, the lower mechanical properties at position “0” imply relatively less denser (or open)
structure. Further, the present study clearly indicates that certain combinations of translation
speed and input energy will result in such local structural effects in the glass. The possible
reasons for this are discussed below.

It is likely that during the waveguide writing process using femto-second laser pulses, the
material melts locally around the focal zone due to the high temperature created by the laser
pulses. Once the laser focus is shifted to the subsequent point for creating the waveguide, the
molten material re-solidifies. This process is similar to melt quenching technique which is
used for synthesizing the different glassy materials including chalcogenides; here, the
quenching takes place immediately after exposure of light. Consequently, the observed
mechanical properties at the focal zone of the exposed region and un-exposed regions are
nearly the same.
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However, when position “0” is approached, the probability of multi photon absorption
decreases and also the beam size increases in comparison with the focal zone. For
comparison, at the focal point, the beam diameter is ~0.5 pm and at the “0” position the beam
diameter is 3 mm. At 100 kHz repetition rate in 1 mm/s translation speed, at the “0” position,
thermal energy stays ~1000 times more than at focuses because of the laser beam diameter
and the overlapping of the beam. As a consequence, intense heating is not likely and the
thermal energy stays for a longer duration in this region due to the larger beam size.
Consequently, the thermal process which takes place at position “0” is closer to annealing
than quenching; the structural reorganization associated with thermal annealing, leads to the
observed change in mechanical properties at position “0”.

It is also interesting to note here that, both the effects of annealing and quenching have
been observed for the first time in the present study, during a single exposure. In this work,
the spatial extent of the “0” position has also been investigated, by choosing the indent points
with 1 um separation which is limited due to the residual impression of the indenter. It is
found that the extent of the “0” position is ~3 um for the 20 um diameter waveguide.

4. Summary

In summary, we have fabricated waveguides on GeGaS and GeGaSSb glass using Yb-doped
fiber femtosecond laser. The waveguides are written with different laser energies and
translation speeds. The mechanical properties at different places of the waveguides have been
measured using nanoindentation. It is found that the change in the mechanical properties such
as £ and H are position dependant in the waveguides. Based on these results, we have
proposed the cut-off values for 4E and 4H, for supporting single modes at 1550 nm. From the
mechanical properties, we could characterize the waveguides to find suitable single mode
waveguide at 1550 nm.
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