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Interaction of femtosecond laser radiation with chalcogenide glasses of

various compositions
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The interaction of femtosecond laser radiation with a wavelength of 1030 nm with chalcogenide glasses of various

compositions has been studied. The dependence of the optical transmission of chalcogenide glasses on the pulse

energy and frequency has been experimentally established. The compositions of glasses for their use as an optical

medium for laser micromachining in the infrared range have been established. It is shown that Ge7Se93 glass is

the most suitable optical medium for spectral studies of diamond in the near and mid-IR range.
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Introduction

In recent decades, chalcogenide glasses (CGs), i.e., ma-

terials based on arsenic and germanium sulfides, selenides,

or tellurides, have attracted considerable research interest

because of their unique optical properties. CGs are char-

acterized by high transmission in the IR region (from 0.6

to 25µm, depending on the composition), low phonon

energy (250−350 cm−1), high chemical resistance, low ten-

dency to crystallization, high linear and non-linear refractive

indices [1,2]. The linear refractive index strongly depends

on the composition of the glass and varies from 2.04 for

glassy germanium disulfide to values of 3.0 and higher for

glasses enriched in tellurium. Chalcogenide glasses have the

large third-order nonlinearity, the low two-photon absorption

coefficient, and the absence of absorption on free carriers

in the photosensitive region. This unique combination of

properties is almost ideal for photonic devices, opens up

the possibility of creating new elements and systems of

nonlinear and integrated optics namely, IR optical fiber

lasers and amplifiers, high-speed switches, Raman lasers,

frequency converters and supercontinuum generators [3–6].

The existence of a wide range of possible glass-forming

systems of various chemical compositions and good resis-

tance to crystallization makes it possible to obtain glasses

with such optical properties as high nonlinearity, low optical

losses in the IR range, good light sensitivity, which can

be optimized for photonic applications. In addition, CGs

are sensitive to the absorption of electromagnetic radiation,

exhibiting various photoinduced effects when illuminated;

thus, they are an excellent candidate for fabrication of

photonic devices by femtosecond laser writing. Also, CGs

can serve as an optical medium for laser processing (by

femtosecond pulses) and spectral studies in the IR range of

some materials, such as diamond.

However, one of the disadvantages of CGs is their

relatively low radiation resistance. In particular, CGs can

be catastrophically damaged when exposed to high intensity

laser pulses. Under laser exposure, it is necessary to prevent

the damage threshold of chalcogenide glasses. Damage

threshold depends on the properties of the material (glass
composition and its impurity- and phase-pureness, surface

condition) and on the laser parameters (pulse repetition

frequency, duration and wavelength). For example, a

sharp increase in the ablation threshold of As2Se3 glass

with decreasing micropulse duration was shown in the

paper [7]. Femtosecond laser damage thresholds for

chalcogenide glasses were studied mainly on commercially

available As2Se3, as well as on some glass compositions

of Ge−As−S and Ge−As−Se systems [7–11]. It was found
that when glasses of the Ge−As−S and Ge−As−Se systems

are irradiated with femtosecond laser pulses, the damage

threshold increases with increase in the Ge concentration,

i.e., with increase in glass transition temperature.

In this work, the interaction of femtosecond laser radi-

ation with the most typical representatives of amorphous

chalcogenides, including various stoichiometric ratios, is

considered. The dependence of the transmission of glasses

on the pulse energy is established. The main objective of

our work is to search for optimal compositions that have a

high damage threshold when interacting with femtosecond

laser pulses. Chalcogenide glasses with refractive index

close to that of diamond can be used as immersion

media for the visible and near-IR ranges, in which all

the absorption and fluorescence bands of point defects in

diamond are located. Chalcogenide compositions will make

it possible to identify exactly uncut diamonds by their
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Thickness of samples

Sample Se Ga1.3Ge24.4As13.2Se55.1 Ga3.5Ge20.75Sb10.75Se65 As2S3 As36Se64 As41S32Se27

Thickness, mm 1.1 3.26 4.08 5.26 3.345 3.01

Sample Ge7Se93 Ge19Se81 Ge18As22S60 Ge25Sb10S65 Ge25As15Se60 Ge17.7Sb10.1Se65.8In2.5I3.9

Thickness, mm 4.35 2.78 3.15 7.47 1.6 5.01

Sample Ge25Sb10S65 As40S50Se10 As40S10Se50 As40S20Se40 As40S30Se30 As40S40Se20

Thickness, mm 8.18 0.064 0.065 0.05 0.055 0.055

spectral characteristics, including with spatial resolution,

by the characteristic distribution of defects, as well as the

possibility of laser modification of the internal volume of a

diamond, including for the purpose of its signature.

Experimental units

Samples of ultra-pure chalcogenide glasses of various

compositions were taken for research. The samples were

obtained by melting the initial mixture in evacuated quartz

ampoules using special chemical-distillation methods for

purification of the initial components and the glass-forming

alloy [2,12–14]. The content of impurities in glasses

was: hydrogen and oxygen — < 1 · 10−5 mas%, carbon —
< 2 · 10−6 mas%, silicon — < 4 · 10−5 mas%, transition

metals — < 1 · 10−5 mas%.

The samples were studied using Satsuma femtosecond

fiber laser [15] based on a fiber doped with ytterbium ions

(Yb3+). The main laser radiation wavelength λ = 1030 nm

with pulse duration τ ∼ 300 fs. The pulse energy range

varies from 10 nJ to 10µJ. Control can be carried out both

through the control panel and using a control program on an

external computer. To control the power of the incident laser

radiation and measure the nonlinear absorption coefficient,

Ophir laser pulse power and energy meters with a JUNO

digital interface and StarLab software were used.

The experimental scheme for measuring the nonlinear

transmittance is shown in Fig. 1. Pulses of the fundamental

harmonic of the femtosecond fiber laser at frequency of

10 kHz were directed to the sample placed at the lens focus

(200mm, spot diameter ∼ 60µm). Under these focusing

conditions, the surface and volume of the targets were not

destroyed, and surface disruption was observed on several

samples at laser pulse energies close to the maximum. The

transmitted radiation was recorded by a laser pulse energy

meter PD-10-C (Ophir) with JUNO digital interface in

the StarLab environment. To control the incident energy,

the convertible mirror was located directly in front of the

sample, which made it possible to direct the laser beam into

another Ophir meter.

The samples are a set of plates of various thicknesses,

the values of which are given in the table. The plates were

mounted on holder with adjustable tilt angle, the holder

RM

FRM

L
S

RM

Laser
1030 nm

EM

EM

Figure 1. Experimental unit scheme. RM — reflecting mirrors;

FRM — convertible mirror for measuring the energy of incident

pulses (Faraday rotator mirror); L — lens with focal length

200mm; S — irradiated sample; EM — energy meters of laser

impulses.

was mounted on a three-coordinate translation platform with

minimum movement step 150 nm.

Measurements of the linear transmittance in the visible

and near-IR ranges were carried out using an SF-2000

spectrophotometer (by Experimental design bureau Spektr,

Russia). In the IR range, the transmission spectra were

measured using a Bruker Vertex IR Fourier spectrometer

(Germany).

Experimental results and discussion

Spectroscopy

For processing of diamonds, it is supposed to use laser

radiation in the near-IR range (1030 nm), which means that

glasses must have a sufficiently high transmittance at the

applied laser wavelength. Transmission spectra of glasses in

the visible and near IR ranges of 200−1100 nm are shown

in Fig. 2.

The linear transmittance T of most samples for a

wavelength of 1030 nm lies in the range of 40−70%. The

best transmission in the region of interest to us have samples

Ga1.3Ge24.4As13.2Se55.1, Ga3.5Ge20.75Sb10.75Se65, Ge−Sb−S,
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Figure 2. Transmission spectra of chalcogenide glasses with

different chemical and stoichiometric ratios.

Ge17.7Sb10.1Se65.8In2.5I3.9, As40S30Se30, As40S40Se20,

As40S50Se10 with transmission above 50%

The main absorption, defect, and luminescence bands

of diamond lie in the range from 2 to 7µm. Glass of

composition Ge7Se93 looks especially attractive for work in

the IR range, the transmission spectrum of which is shown

in Fig. 3 in comparison with the transmission spectrum of
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Figure 3. Transmission spectra in the IR range obtained with

Bruker Vertex FT-IR spectrometer.

diamond. This glass has a high optical transmission in the

wide spectral range (800−4000 cm−1 or 2.5−12.5µm) and
near-diamond refractive index ∼ 2.4 [16].

Measurements of the non-linear transmission
coefficient of IR glasses

Nonlinear properties of materials can manifest them-

selves in the form of absorption saturation or multiphoton

processes of interaction of laser radiation with the target

material. During the passage of laser pulses at wavelength

of 1030 nm, Ge18As22S60 and As2S3 samples strongly distort

the form and direction of propagation of the transmitted

radiation, so they are not considered further.

At intensities > 100GW/cm2, the sharp drop in

transmission Ge25As15Se60 (Fig. 4, a) takes place.

Transmission dependence Ge7Se93 on intensity has the

break at > 600GW/cm2, however, at ∼ 700GW/cm2,

surface disruption is observed for it. Immersion

compositions Ge−Sb−S, Ge17.7Sb10.1Se65.8In2.5I3.9 by

nonlinear transmission and absorption have pronounced

nonlinearity at the intensity above 300GW/cm2.

The properties of glasses Ga1.3Ge24.4As13.2Se55.1
and Ga3.5Ge20.75Sb10.75Se65 (Fig. 4, b) are similar to those

described above; the transmittance changes insignificantly

at intensities over 10GW/cm2.

Further, let us consider IR glasses containing As,

S, and Se in different proportions. Nonlinear trans-

mission for samples As36Se64, As41S32Se27, As40S10Se50,

As40S20Se40, As40S30Se30, As40S40Se20, As40S50Se10 and Se-

glass (Fig. 4, c). The extinction coefficient of S-containing-

glasses is noticeably higher than that of the previously con-

sidered ones, which indicates the stronger (> 20−30 cm−1)
absorption laser radiation and, as a result, stronger heating

of the target surface. Disruption is achieved at intensities

> 400GW/cm2 at an incident pulse frequency of 10 kHz.
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Figure 4. Extinction coefficients of IR glasses depending on the

intensity of laser pulses with a wavelength of 1030 nm.

IR glass without sulfur As36Se64 in terms of radiation

absorption is comparable to the Ge- and Ga-containing

glasses considered above. The extinction coefficient of the

selenic glass sample (Se-glass) is > 20 cm−1 at intensities

∼ 200GW/cm2, which is similar to the group of glasses

with As, S and Se in the composition.

Conclusion

Summarizing all the results obtained, it can be concluded

that the Ge7Se93 material is attractive for use as an optical

medium for diamond research in the near and mid-IR

ranges. The material has good transmission and near-

diamond refractive index: ∼ 2.4 and 2.39 at wavelength of

1030 nm, respectively, which makes it an optimal candidate

as an immersion composition for spectral measurements of

diamond. However, it should be noted that chalcogenide

compositions have relatively low linear transmittances in

combination with strong absorption when the laser ra-

diation intensity reaches about 100GW/cm2 at operating

wavelength of 1030 nm, which imposes restrictions on both

energy parameters laser radiation, and for the time of point

laser exposure.
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