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Optical damage and the third-order nonlinearity in GeGaS glasses
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We have measured optical properties of Ge,Ga,See.x (x=22.5, 27, 30, 33.3 and 36) glasses
including optical bandgap Eg, hardness, linear and nonlinear refractive index and laser
damage threshold. We found that, both Egand laser damage threshold exhibit maximum
values in GezGa,Ses glass, linear refractive index increases with increasing Ge content,
but nonlinear refractive index has a minimum in Ge;yGasSgs, and their correlation can be
well described by the Miller’s rule. We conclude that, Ge;yGa,Ses glass with chemically
stoichiometric composition might be ideal for the chalcogenide-based optical amplifiers
since it has reasonable optical nonlinearity, and high figure of merit (FOM) and laser
damage threshold.
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1. Introduction

Rare earth ions (REI)-doped chalcogenide glasses can be used in various passive and
active photonics devices like planar waveguide-based sensing and laser emission in mid-infrared,
because of their high linear and nonlinear refractive index, broad transmission range up to 25 pm,
and low phonon energy [1-3]. For example, large optical nonlinearity can effectively enhance the
interaction between the glasses and the molecules absorbed on the surface of the glasses and thus
increase the efficiency of the sensor[4,5]. The radiative emission quantum efficiency of rare-earth
ions can be increased by lower phonon energy in the host glasses, making it possible to use REI-
doped chalcogenide glasses for the applications as optical amplifier or lasing in the
midinfrared[6,7]. For these reasons, extensive investigation on REI-doped chalcogenide glasses
have been reported to develop optical amplifiers or lasers working at the mid-infrared [1-8].

However, it was found that, REIs are hard to be directly doped into chalcogenide glasses
since the REI ions are prone to form clusters in the glasses, leading to the quenching of the
photoluminescence[6,7]. For example, typical As,S; glasses only can host 0.1% mol Er. It was
found that, Ga can be well dissolved in the glasses, and adding metallic Ga into glass matrix can
reduce the number of the REI clusters via the formation of Ga-REI bonds. Compositional ratio of
Ga to REI around 10:1 is preferential to dissolve the REIs into the host glasses and the maximum
REI doping content is around 1% mol [6,7].

While typical Ge-Ga-S and Ge-Ga-Se glasses have been well used as hosts for REI doping,
there are two essential issues that have not been systematically investigated yet. First, the third
order optical nonlinearity of the glass is correlated with its chemical composition. Several different
n, values have been reported in the previous literatures. For example, Dong et.al. reported a value
of 4.13x10™ cm*W in (GeS,)s0(Ga,Ss)10 glass at 820 nm[12], Guo et.al reported a value of
4.46x10™ cm?/W in (GeS,)s0(Ga,Ss)20 at 800 nm [13] which is one order of magnitude larger than
the former one, although the glass composition is slightly different. More recently, a n, value of
1.7x10™ cm?/W was reported at 1550 nm for Ge,sGayeSes glass [14]. While these n, data were
measured in random composition, there is no systematic investigations on how the optical
nonlinearity and two-photon absorption coefficient evolves with the glass composition, but this is
important to find out the best glass used in optical devices. Second, for practical applications,
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chalcogenide-based optical devices are usually pumped by various ultrashort pulsed lasers. For
example, femtosecond laser pulses with a wavelength near the zero dispersion wavelength of the
devices are usually used to pump chalcogenide-based fibres or waveguides for supercontinuum
generation [9-11]. Thus, it is important to make sure that, the pumping power should be less than
damage threshold of the glass used in any optical devices. However, there is no related data on the
laser damage of GeGas glasses.

In the present paper, we prepared Ge,Ga;Sgsx glasses with x from 22.5 to 36, and
measured various physical parameters like glass transition temperature (T,), density, hardness, and
linear and nonlinear optical parameters at 1.5 um and the laser damage thresholds using 800 nm fs
laser. From the data, we proposed that chemically stoichiometric GeGaS glass might be the best as
the host glass for REI doping for the active applications in optical amplifiers or lasers.

2. Experiments

The glasses were synthesized via the melt-quenching method as described in Ref.(15). The
chemical compositions of the glasses were analyzed by energy dispersive X-ray spectrometer
(EDX) using commercial GezsAs;pSess glass (Amorphous Material Co.) as a reference. The
measurements were performed at different positions of the glass and the averaged results were
used as the final composition. It was found that, the difference between the nominal and final
composition was less than 0.5%. A conventional X-ray diffractometer was used to examine if the
glass contains any crystalline structure. A differential scanning calorimetry (DCS, TA-Q series)
was used to measure T4 and a Vickers micro-indenter (Everone MH-3, Everone Enterprises Ltd.,
Shanghai, China) was used to measure the Vickers-hardness of the glasses. The density, p, of the
samples was measured using a balance (Mettler-Toledo Ltd., Switzerland) with a MgO crystal
used as a reference.

The transmission spectra of the glasses were recorded utilizing a spectrometer (Lambda
950, PerkinElmer) in visible and near infrared region and a Fourier transform infrared
spectrometer (Nicolet 380, Thermo Scientific) in a spectral range between 2.5 and 25 um. The
linear refractive index was measured in a wavelength range between 1.7-20 um by using a variable
angle spectroscopic ellipsometer (IR-VASE, J. A. Woollam, Lincoln, NE). To determine optical
bandgap E,, the glasses were grinded into fine powers before they were placed onto sapphire wafer.
Then they were heated to a temperature 50-100 °C above T, , and pressed with a polished vitreous
carbon plate in a nitrogen atmosphere. E; was finally extracted from the Tauc plots of the
absorption spectra of the hot-pressed 10-30 pum thick films.

A Ti: sapphire laser (Orpheus-HP, Light Conversion, USA) with 170 fs pulse duration at 1
kHz repetition rate was used to excite optical nonlinearity via the Z-scan method. During the
measurements, the laser was split into two light beams, one of them was monitored by an energy
detector (S470C, Thorlabs, USA) as a reference, and another one as the pump light was detected
by a sensitive pyroelectric power probe (S180C, Thorlabs, USA), and focused into Gaussian beam
by a 30 cm focal length.

To measure laser damage, a Ti:sapphire laser (Coherent, Mira 900D) emitting 150 fs
pulses with a wavelength of ~800 nm (h,, = 1.6 €V) and a repetition rate of 1 kHz was introduced
into the polished glass surface to examine if the surface was damaged by 1000 light pulses in air.
The beam with linear polarization was focused onto glass surface by ax5 achromatic objective lens.
An optical attenuation device consisting of a half-wave plate and a polarizer that can tune the
power and polarization was placed between the laser and the glass. The damage induced by laser
beam were in situ examined by a camera. The size of damaged spots was further examined by an
optical microscope (Keyence, JAPAN, VEX-1000E) and an atomic force microscope AFM
(Cypher-HV).
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3. Results and Discussion

Figure 1 shows the transmission spectra of Ge,Ga,Ses.x glasses. It is found that, the
transmission edge at shorter wavelength range shifts to longer wavelength, while that at longer
wavelength range shrinks to the shorter wavelength with increasing Ge content in the glass. All the
glasses exhibit good transparency with more than 60% transmission from 0.75 to 10 um.
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Fig. 1. Transmission spectra of the glasses.

Figure 2 shows typical Z-scan curve of GezGa,Sgo glass in the closed aperture. With the
increase of the scanning distance Z, Z-scan profile exhibit pre-focal peak first, and then a post-
focal valley. We also observed the similar S-scan curves in other glasses. Since the lifetime of the
free carrier absorption (FCA) in chalcogenide glasses is in a time scale of nanoseconds[16], which
is much longer than 170 fs pulse width used in the measurements, here we neglected the effect of
FCA on the measurements. We also ignored thermal effect in the experiments since only 400 uW
average power from the laser was used in the experiments.
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Fig. 2. Typical closed-aperture Z-scan curve and its fitting for Ge30Ga4S60 at 1550 um.

Figure 3 (a) is density and linear refractive index (n,) versus Ge content in Ge,GasSgs x
glasses. It can be seen that, both density and n, increase with increasing content of Ge in glasses.
Since Ge has larger atomic mass and more polarizable electronic clouds [17], the replacement of S
by Ge in Ge,GasSes.x glasses leads to the increase of the density and ny. Figure 3(b) show the
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dependence of nonlinear index n, and two-photon absorption coefficient § on Ge content. It was
found that, unlike those in Fig.3(a), n, decreases from 0.65x10™* cm?/W in the glass with Ge
content of 22.5 to 0.46 x10™ cm?*W in that with Ge content of 30%, and then increase to
1.19x10™ cm?W in that with Ge content from 36%. On the other hand, two-photon absorption
coefficient gradually increases from 0.06 to 0.35. The evolution of the nonlinear index n, and two-
photon absorption coefficient B on Ge content in Ge,GasSes. iS Similar to those observation in
Ref.(18). These linear and nonlinear parameters, together with T, density, hardness, and Eq of the
glasses are listed in Table 1.
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Fig. 3. Density and linear refractive index ny, (a) and the third-order nonlinear refractive index n, and
two-photo absorption coefficient g (b) versus Ge content. The lines in figure are guided to the eyes.

The semi-empirical Miller’s rule gives the relationship between the linear and nonlinear
susceptibility 3 as following [19],

2 2_1\14
X3 _ 2ng a (ng 1)] (1)

T 00395 4n

where y3 is the third order susceptibility in esu; a is the Miller’s coefficient for chalcogenide glass.
Figure 4(a) shows the relationship between y3 and [(n3 — 1)/4m]*, where the solid symbols are
the experimental data and the line is the fitting based on Eq. (1) using a value of 7.5 x 1011 for a.
Figure 4(b) shows the relation between n, and n,, where the solid line is the transform of Eqg. (1),

2_1\4
ng = 1.18 x 10716 T 2 )

0

Some points diverge from the curves in Fig.s 4(a) and (b) is due to the errors in Z-scan
measurements. The difference between the experimental and fitting results is comparable or even
less than the uncertainties in most experiments. The value of a and the coefficient in Eq.(2)
obtained in the present measurements are in good agreement with those for chalcogenide glasses
[20,21]. This confirms that the relation between n, and n, in Ge,GasSesx glasses can be well
described by the Miller’s rule.
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Fig. 4. (a) The nonlinear susceptibility and (n3 — 1)/4m. The line is the fitting based on Eq. (1). (b) n,
versus n, , the line is the fitting based on Eg. (2).

On the other hand, the present results regarding the values of n., are one or two order of
magnitude less than those in Se- and Te-based chalcogenide glasses [20, 21], but are in agreement
with those in Ref.s [12-14]. Although n,becomes larger with increasing Ge content and the
maximum n, can be achieved in GesGa,Seo glass, the two-photon absorption coefficient reaches
maximum as well.

For laser damage, the minimum value of the energy density that induces observable
damages in the glass is defined as the damage threshold. During the experiments, the diameter of
the damaged spot D was measured at different radiate fluence F. The radiate fluence F at the center

of Gaussian beam is given by [22],

_ 2E puise _ 2Pgyg
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where wj is the beam waist radius of Gaussian-type beam, Eys. is the total pulse energy, Pay is the
averaged power, and R is the repetition rate of the laser pulse. The ablation threshold fluence Fy, is
thus obtained from the relation [22]
D? = 2wz (InF — InF,y,) 4)
Fig. 5(a) shows surface morphology of typical damages in Ge;Ga,Ses glass. Damage
profile might vary in different spots because of the random distribution of the sputtered dusts on
the surfaces and unstable laser power, etc. The corresponding AFM image in Fig.5(b) shows a
crater-like morphology with the burrs in the rim of the crater. Such a morphology is not related to
the polarization of the laser light. To avoid any errors of Fy, in the experiments, the measurements
were performed at more than 5 different positions, and the average value of Fy, was listed in Table
1 for each glass. The margin of error for the damage threshold was within +10 %.

Table 1. T, density, Eg, refractive index (no), nonlinear refractive index (n,), two photon absorption
coefficient g, figure of merit (FOM), hardness and laser damage threshold in Ge,Ga,Sgs. glasses.

Composition | Ty(°C) | Density E, No ny(10™ B(cm/GW) | FOM | Hardness | Damage
(in mol.%) (glem®) (+0.01eV) | (£0.001) | cm¥W) *15% 2/p3 | (kg/cm?) | Threshold
+15% ) (mdfem?)
Gey,5GasS7as 285.6 2.652 2.45 2.071 0.65 0.06 6.99 191 298
Ge,;GaySeo 347.6 2.765 2.58 2.084 0.53 0.06 5.70 207 321
GeoGaySes 434.7 2.843 2.69 2.153 0.46 0.11 2.70 220 345
Gegs 3GasSer7 359.3 2.94 2.11 2.271 0.58 0.23 1.72 208 323
GessGasSeo 336.2 3.01 1.86 2.366 1.19 0.35 2.19 198 311
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Fig. 5. Surface morphology of damaged GesGa,Seq glass by optical microscope (a) and AFM (b)

Going back to the various physical parameters in Table 1, we found that, both T,, Eg,
Hardness and laser damage threshold increase before they reach a maximum in Ge;yGasSes glass
which corresponds to chemically stoichiometric composition (GeS,)q0(Ga,S3)10, and then decrease
with increasing Ge content, exhibiting a threshold maximum in Ge;Ga,Ses as shown in Fig.6. The
maximum value of T, in GespGasSes indicates that the stoichiometric glass has the best network
connectivity [23]. Mahadevan et al. investigated the compositional dependence of T, in Ge-Sbh-Se
glasses [24], and found that the maximum value of T, appears in the glass with stoichiometric
composition. Such an evolution of T, suggested that, Ge-Sb-Se glass network consists of demixed
blocks of GeSey, and ShSes, [25,26], where phase separation in the nano-or micro-meter scale can
occur above the threshold. Similarly, demixed structural units could be GeSy4, and GaSs;, where
these threshold behaviors of physical properties in GeGaS glasses can be traced to “demixing” of
networks above the chemical thresholds. This has been demonstrated by structural investigations
of GeGasS glasses via analyzing their Raman and X-ray photoelectron spectra [15,27]. Obviously,
excellent network connectivity implies less homopolar bonds, and thus large amount of
heteropolar bonds with strong chemical bonding energy in the glass, leading to a maximum value
of hardness and laser damage threshold.
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Fig. 6. Ty and Eq (a), and hardness and laser damage threshold (b) as a function of Ge content.

In terms of the practical applications in photonic devices, the present results indicate that,
although large optical nonlinearity can be achieved in GesGaySeo glass, the two-photon absorption
coefficient also increases. Considering the value of FOM, it could be a better option to use the
glass with chemically stoichiometric composition, where its relatively low optical nonlinearity can
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be compensated by a high laser damage threshold, e.g., optical devices can be pumped by a high
laser power. This is in sharp contrast with the resutls in the previous literatures where only glasses
containing less than 15% Ge were used for rare earth doping[6,8].

4. Conclusion

Ge,GaySes « glasses with x from 22.5 to 36 were prepared and their physical properties
were measured in this paper. The results indicated that, while both T4, Eg hardness and laser
damage have a threshold behaviour exhibiting a maximum in the GesGa,Ses glass, linear
refractive index increases with increasing Ge content, nonlinear refractive index has a minimum in
GesGasSes, and their correlation can be well described by the Miller’s rule. To screen the best
glass as a host RELs doping for the applications in optical amplifier, the glass with chemically
stoichiometric composition appears to be the best since it has reasonable optical nonlinearity and
two photon absorption, high FOM and high laser damage threshold.
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