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Abstract

Chalcogenide glasses are known as optical materials for the infrared spectral range.
These compounds may also be of interest as materials for the low-frequency part of the
terahertz range of electromagnetic waves, which is currently being intensively studied in
connection with the numerous possible applications of terahertz radiation. However, the
terahertz optical characteristics of chalcogenide glasses remain poorly studied. In this
work, eight different compositions of GeAsSeSbSnTe chalcogenide glasses were investi-
gated using terahertz time-domain spectroscopy. A number of compositions, in particu-
lar GeSeTe and AsSeSbSn, were studied in the terahertz spectral range for the first time.
Spectra of the refractive index and extinction coefficient were obtained for studied mate-
rials in the spectral range of 0.1-2.2 THz. The experimental frequency dependence of the
product of the terahertz power absorption coefficient and the refractive index for the en-
tire set of studied glasses is approximated by a power function. It was established that
the exponent of the approximating power functions varies from 1.68 to 2.34 depending
on the composition of the chalcogenide glass. For the studied glasses, a correlation was
found between the values of the average coordination number characterizing the chal-
cogenide glass structure, and the values of the exponent of the functions approximating
the THz absorption spectra.

Keywords: chalcogenide glasses; amorphous and highly disordered materials; terahertz
spectra; refractive index; extinction coefficient

1. Introduction

In the last few decades, the direction associated with research in the field of elec-
tromagnetic waves of the terahertz (THz) frequency range (with frequencies from 0.1 to
10 THz) has undergone rapid development, which is due to the prospects for the appli-
cation of THz radiation in various fields of science and technology [1]. At the same time,
the intensity of both fundamental research in the field of THz electromagnetic waves and
applied research and development of devices for the THz spectrum range is continu-
ously increasing [2]. A significant part of the research is aimed at finding ways to create
efficient sources [3,4] and sensitive detectors of THz radiation [5]. An important direction
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of THz research is the search for materials suitable for the construction of THz optical
systems and the development of technology for creating THz optics elements [6,7].

From this point of view, chalcogenide glasses are promising materials. Chalcogenide
glasses are based on chalcogens, elements from Group 6 of the periodic table of elements,
such as S, Se, and Te. When combined with other elements, such as Ge, As, and Sb, they
form stable glasses with semiconductor properties [8,9]. In addition, such materials have
a transparency window in the IR wavelength range (1-14 um) and are used to create IR
optical elements [10,11]. At the same time, chalcogenide glasses can be transparent at
wavelengths greater than 500 pm (or at frequencies below 0.6 THz). Figure 1 demon-
strates the transmittance spectrum of GeAsSe glass over a wide spectral region, including
the mid-IR and THz ranges.
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Figure 1. Characteristic transmittance spectrum of a 2 mm glass plate based on the compound.
Geo.314As0.1185e0.568. Measurements were done using Bruker Vertex 70 Fourier transform spectrom-

eter.

Therefore, chalcogenide glasses can also be used to create optical elements (various
lenses, windows, prisms, splitter plates, substrates, etc.) operating in the low-frequency
part of the THz range, as well as in the sub-terahertz frequency range. Despite the great
interest in these materials, caused by the prospects of their application for creating THz
optical elements, the optical characteristics of such materials in the THz spectral region
remain poorly studied. Studies of their THz properties are limited to only a few works,
among which articles [12-15] can be highlighted.

In the present work, we investigate the optical characteristics of chalcogenide
glasses GexAsySerxy-zstSb:SnsTet of eight different compositions using the THz
time-domain spectroscopy (THz-TDS) method. The materials selected for the studies
were compounds, based on two-, three-, or four-element compositions with different
stoichiometries. Such materials are of interest not only for applications in IR optics, but
also in sub-THz range optics, and have optical properties similar to those of chalcogenide
glass, the transmittance spectrum of which is shown in Figure 1. In addition, such mate-
rials are available for purchase from various manufacturers, including VITAL, NHG,
UMICORE, CDGM and SCHOTT. In the spectral range of 0.1-2.2 THz, spectra of the re-
fractive index, extinction coefficient as well as the THz power absorption coefficient were
obtained for the entire set of studied glasses. The THz absorption coefficient has strong
frequency dependence and this dependence can be approximated by a power function. A
similar pattern is characteristic of a wide range of amorphous and glassy materials
[16,17].
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2. Materials and Methods

Chalcogenide glass (CG) materials for research were purchased from VITAL
(Guangzhou, China). Eight different compositions of chalcogenide glasses were investi-
gated, which were systems consisting of two, three or four elements with different stoi-
chiometries. The types and compositions of materials are indicated in Table 1. To conduct
THz studies, samples were prepared in the form of optically polished plane-parallel
plates with a diameter of 25 mm and a set of thicknesses from 1 to 2 mm. The surface
roughness of the prepared samples was no worse than 50 nm, which was ensured by the
chemical-mechanical optical processing technology developed by Tydex LLC (St. Pe-
tersburg, Russia). The degree of roughness was controlled using laser interferometry on
test samples processed within the existing technology.

Table 1. Types of studied glasses and their compositions.

Type of CG Composition
VIGO01 As02795€0.6175b0.06S10.044
VIG02 Geo314As0.1185€0.568
VIG04 Geo.095As0.395€0.515
VIGO05 Geo.247Sbo.178Se0.575
VIGO06 Aso0.3875€0.613
VIGO07 Geo.1735bo.2175€0.61
VIGO08 Geo.208As0.1955€0.597
VIG09 Geo16Sen1Teors

The transmission of THz radiation at normal incidence onto the chalcogenide glass
plates was studied. The measurements were carried out on a THz coherent spectrometer
built on the base of a femtosecond C-Fiber laser generating radiation with a wavelength
of 780 nm, pulse duration of 90 fs, repetition rate of 100 MHz, and an average laser power
of approximately 450 mW. Photoconductive antennas based on LT-GaAs were used as a
source and detector of THz radiation. The internal volume of the spectrometer was
purged with dry nitrogen. The working spectral range of the created coherent THz spec-
trometer at a level of 0.01 from the THz signal maximum is 0.1-2.2 THz (see Figure 2).

T T T T T T T
— 10°F
=] i
) 10 L 2.2 THz
ke H
S i
s }
o 107
-
=
3]
Q9 ]
o 107
N F
I [
= 10_45-
E 1 1 1 1

0.5 1.0 156 20 25 3.0 3.5 ‘ 4.0
Frequency (THz)

Figure 2. Amplitude spectrum of the reference THz signal (without a sample under test) in the
developed coherent THz spectrometer. The THz signal is normalized to a maximum. Spectral res-
olution is 8 GHz. The dashed line corresponds to the noise floor, and the dashed-dotted line cor-

responds to a signal level of 0.01 from the maximum.
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The complex amplitude THz transmission coefficient of a plane-parallel sample has
the following form [18]:

iw
_ . expl (i ~1)]
T(0) = T(@)e* = fﬁ‘(“’) = f”l T R 1)
re/'(w) (I’l + ) [1_ (l’l - )2 CXp(ZQdﬁ)]
(m+1) c
E(w
=
where Evy is the amplitude transmission spectrum, D) s the phase

transmission spectrum, E _. (w) and E (@) are, respectively, the complex amplitudes

of the signals of the reference THz radiation and the THz radiation transmitted through
the sample, which can be obtained by Fourier transforming the corresponding wave
forms, # =n+ik is the complex refractive index of the material with # and k being,
respectively, the refractive index and the extinction coefficient, d is the thickness of the
sample, w=27f, where f is the frequency of the THz radiation, and ¢ is the speed of
light. The denominator in square brackets on the right-hand side of Equation (1) de-
scribes the interference of THz radiation in the sample. In the case of strong absorption of
THz radiation, typical for the materials under study, interference can be neglected and
the denominator assumed to be equal to one. Furthermore, in the spectral region of the
THz spectrometer used, the inequality n>>k (see Section 3) exists for the materials
under study. Taking this into account, Equation (1) can be rewritten as:

T(w)=T(w)e"” = 47”2 X exp[i—w d(n-1)]x exp(—g kd) @)
(n+1) c c
From Equation (2) it directly follows that
ﬂ@=QﬂM@—H ©)
T( )—( 1) ><eXP[—*k(w)a’] (4)

Thus, having an experimental phase spectrum of the THz transmission and using
Equation (3), the refractive index spectrum of the material under study can be obtained.
Further, using Equation (4) and having an experimental amplitude transmission spec-

trum, the extinction coefficient spectrum k() can be obtained, which is related to the
a
—k
THz power absorption coefficient, a, by the formula € . Using this method, the

THz spectra of the quantities ”? and k', as well as @, were determined for the chalco-
genide glasses investigated.

A distinctive feature of the glasses studied in this work is that these materials have
very strong absorption at frequencies above 1 THz. Figure 3a shows the THz amplitude
transmission spectra for VIG06 (Ass7Seve13) glass samples with thicknesses of 2 and 1.1
mm.
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Figure 3. (a) THz amplitude transmission spectra of VIG06 (Asos7Seos13) glass samples with thick-
nesses of 2- and 1.1-mm. (b) THz extinction coefficient spectra of VIG06 glass samples based on the

THz transmission measurement data and their processing using Equations (2)-(4). The arrow in-

dicates the frequency Jor , up to which the values of the extinction coefficient in the spectrum of a
sample with a thickness of 1.1 mm (the thinnest of the two measured) can be considered correct. (c)

THz phase transmission spectra of VIG06 glass samples with thicknesses of 2- and 1.1-mm.

The spectrum shows a minimum in the transmission coefficient, which, however, is
not due to a resonance in the absorption spectrum of the material, since its position de-
pends on the sample thickness, but is an artifact caused by a combination of strong THz
absorption in the studied material and the limited bandwidth of the THz spectrometer
used (0.1-2.2 THz). The cause of such artifacts in THz-TDS transmission studies in
strongly absorbing materials was quantitatively analyzed in [19]. Figure 3b shows the
extinction coefficient spectra for VIG06 glass samples, obtained using the method de-
scribed. Oscillations in the spectra at frequencies below 0.7 THz are due to the interfer-
ence of radiation in the samples, which is not considered in Equations (2)—(4). The max-

imum in the spectrum of k magnitude is also associated with the manifestation of an
artifact caused by strong absorption in the studied material and the limited spectral range

of the THz spectrometer. Nevertheless, at frequencies below f”, (the frequency near the
maximum in the spectrum of k ), the values of the extinction coefficient can be consid-

ered correct [19]. It should be noted that Jo will increase with decreasing the sample
thickness and, thus, by decreasing the thickness of the plates under study;, it is possible to

reach higher frequencies in the THz spectrum of the k magnitude of the material.

It should be noted also that the determination of the optical characteristic # using

T(w)

Equation (3) does not include the amplitude transmission and, therefore, the asso-

ciated artifact discussed above does not appear at frequencies exceeding f"f. From Fig-

ure 3c one can see that THz phase transmission spectra, #®)  are smooth and have no

specific features in the frequency range of Jor , or higher, and the THz phase transmission
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spectrum itself increases proportionally to d . Therefore, the THz transmission phase
values, as well as the refractive index spectrum determined from them, can be considered
correct over the entire frequency range of the THz spectrometer used (0.1-2.2 THz).

3. Experimental Results and Discussion

Figure 4 shows the refractive index spectra for a set of the studied chalcogenide
glasses. As can be seen from the figure, the refractive index in the studied glasses has a
very weak dependence on frequency. At a frequency of about 1 THz, its values range
from 2.8 to 3.6, depending on the material composition. The refractive index values are
close to those characteristics of semiconductor crystals such as Si or GaAs [20]. The ob-
tained data can be used in the design of optical elements for the sub-THz and THz ranges
and, particularly, in the design of various lenses. Oscillations in the ”? spectra, noticea-
ble at frequencies lower than ~0.5 THz, are due to the interference effect in plane-parallel
samples, which is not considered in Equations (2) and (3) used in processing our exper-
imental data. It can also be seen that for some compositions of the studied chalcogenide
glasses there is a slight decrease in the refractive index with increasing frequency (see
also Figure 4b), i.e., anomalous dispersion is present. The fact of the existence of anoma-
lous dispersion in chalcogenide glasses in the THz spectral region was noted in [13].
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Figure 4. (a) Refractive index spectra for a series of studied GeAsSeSbSnTe chalcogenide glass
samples with a thickness of approximately 1 mm. (b) The magnified portion of the refractive index

spectra for several glasses. Compositions of CG glasses: VIG01— Aso279Se0.6175bo.06Sno.044,
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VIG02 — Geos14As0.1185€0.568, VIG04 — Geo.095A50395€0.515, VIG05 — Geo.247Sbo.178Se0.575,
VIG06 — Asoss7Seos13, VIGO7 —Geo.173Sbo.217Se0.61, VIGO8 — Geo208As0.1955e0.597, VIG09 — Geo.16Seo.1Teo.74.

In [21], during a study of the THz properties of several amorphous and glassy ma-
terials, a strong correlation was established between the THz refractive index and the
thermal expansion coefficient of the materials. For the CG glasses studied in the present
work, we also compared the measured values of the THz refractive index with the data
on the thermal expansion coefficients provided by the VITAL. However, no correlation
was observed between these values for the set of glasses studied (see Figure 5).
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Figure 5. The variation in the refractive index at 1 THz with the thermal expansion coefficient for
the set of studied CG glasses. Thermal expansion coefficients are given for the temperature range of
293-393 K. Chalcogenide glass compositions: VIGO01 — As0.2795€0.617Sb0.065n0.044,
VIG02 —Geos14As0.1185€0.568, VIG04 — Geo.095A50395€0.515, VIGO05 — Geo.247Sbo.1785€0.575,
VIG06 — Asoss75e0.613, VIG07 —Geo.173Sbo217Se0.61, VIGO8 — Geo208AS0.1955€0.597, VIG09 — Geo.16Se0.1Teo.74.

Figure 6 shows the extinction coefficient spectra of the studied chalcogenide glasses.
The data were obtained on samples with a thickness of about 1 mm and are limited to
frequencies below £, , which were determined for each of the studied samples.

Oscillations in the spectra observed at low frequencies are also caused by the THz
radiation interference effect. The extinction coefficients and, accordingly, the THz power
absorption coefficients, ¢, in the studied materials increase strongly with frequency,
which is consistent with the results of [12-15]. In addition, the extinction coefficient val-
ues are higher in glasses with higher refractive index values. Following the approach
used, for example, in [12,14,15], it is possible to approximate the quantity ¢ by a

no=Kf"’

power function of frequency, that is, a dependence of the form , where K and

b

are constants.

https://doi.org/10.3390/mi17050533
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Figure 6. THz extinction coefficient spectra for a set of studied chalcogenide glasses. Compositions
of glasses: VIG01— Aso279Seos17Sbo.osSnoos, VIG02 —GeossAsonisSeosss, VIG04—Geo.ssAsosoSeosts,
VIGO05 — Geo.247Sbo.1785€0.575, VIG06 — Aso.3s7Se0.613, CGO07 —Geo.1735bo.217Se0.61,
VIG08 — Geo.208As0.1955€e0.597, VIG09 — Geo.165e0.1Teo7a.

Figure 7 shows an example of such an approximation for chalcogenide glass VIG06.
The approximation was carried out using the least squares method.
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Figure 7. An example of approximation of the THz spectrum of & (experimental points) by a

no=Kf"

power function of frequency of the form , (solid curve), where f is the frequency in
THz, K and ? are constants, for a sample of chalcogenide glass VIG06 (Asoss7Seosis) with a
thickness of 1.1 mm. The parameters of the best curve-fitting are as follows: K =111.85+0.41 cm™,

b -18+001.

It can be seen that the power law "% = Kf* describes the experimental data quite
well. A power law of this type for the parameter & has been observed for a wide class
of highly disordered systems, such as amorphous and glassy materials (see, for example,
[16,17]) and is apparently due to the disorder-induced absorption of THz electromagnetic
radiation at low-frequency vibrational modes associated with charged defects or with
disorder-induced charge fluctuations [16,17,22]. This approximation of the experimental
data was performed using the least squares method for the entire set of chalcogenide
glasses studied, and the results are presented in Table 2.
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I

Table 2. The values of frequencies <", as well as the values of parameters K and b , obtained

_ grrb
by approximation the experimental THz spectra of & with a power function no=Kf , for the
set of studied chalcogenide glass GeAsSeSbSnTe samples with a thickness of about 1 mm.

Type of CG Composition f., (THz) K (cm™) b
VIGO1 A502795€0.6175b0.06SN0.044 1.32 143.54 + 0.81 2.23+0.03
VIG02 Geo314AS01185€0.568 1.71 49.84 + 0.54 2.34 +0.03
VIG04 Ge0.095A80.395€0.515 1.71 61.34 +0.35 1.68 £ 0.01
VIGO05 Geo.247Sbo.1785€0.575 1.30 140.74 + 0.67 2.38 £0.02
VIG06 Aso.3875€0.613 1.50 111.85+0.41 1.82 +0.01
VIG07 Ge0.1735bo.2175€0.61 1.29 172.48 + 0.68 2.15+£0.02
VIGO08 Geo208AS0.1955€0.597 1.82 45.11+£0.39 2.27 +0.02
VIG09 Geo16Seo1Teors 1.16 277.51 +0.89 2.09 +0.02

For the materials studied in this work, these parameters K and b are generally in
the order of magnitude consistent with the results obtained for other amorphous and

glassy materials [14,15]. At the same time, the parameters b for some material compo-
sitions, particularly for VIG02 (Geos4Aso1185e0ses) and VIGO5 (Geo247Sbo.17sSeos7s), signifi-

cantly exceed the value b - 2, which was established for chalcogenide glasses in several
studies (see, e.g., [12,16,17]).

In [14], a hypothesis was put forward that glasses with values of the parameter b
significantly higher than 2 belong to materials with higher values of average coordination
numbers <7 >, corresponding to the average number of chemical bonds per atom in the
material. For covalent glasses, which include chalcogenide glasses, the value <7 > can
be calculated using the “8-N” rule [23-25]:

<r>=8_le»N;Ci (5)

X;

where ¥ is the atomic fraction of the i-th component in the glass and ¥ is the
number of valence electrons of the i-th element. The average coordination numbers
<7 > were calculated for the set of chalcogenide glasses studied in this work. Figure 8

shows the results of these calculations. The values of the parameter b determined from
the THz absorption experiment are also presented here.
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Figure 8. Calculated values of the average coordination number <7 > (red stars) and experi-

mental values of the parameter b (blue circles) characterizing the THz absorption for the set of
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studied chalcogenide glasses GeAsSeSbSnTe. Blue arrow pointing to the left vertical axis indicates
the values of the © parameter. The red arrow pointing to the right vertical axis indicates the val-
ues of the <7 > parameter. Compositions of CG glasses: VIGO1— Aso279Se0.s17Sbo.06Sno.oss,
VIG02 — Geos14As0.1185€0.568, VIG04 — Geo.095As0.395€0.515, VIGO05 — Geo.247Sbo.178Seo.575,
VIG06 — Asoss7Se0.613, CGO7 — Geo.1735bo.217Se0.61, VIGO8 — Geo20s Aso.1955e0.597, VIG09 — Geo.16Seo1Teo7a.

Figure clearly shows that a correlation does indeed exist between the average coor-
dination numbers <7 > in the materials, reflecting the structure of the chalcogenide

b

the chalcogenide glasses studied. These values change almost synchronously.

glass, and the values of the parameter “, characterizing the THz absorption spectrum in

The observed correlation between parameters <7 > and b can be qualitatively
explained as follows. For values of the average coordination number <7 > in the range
between the values corresponding to a perfect crystal lattice (for example, values of
<7 > of the order of 4 correspond to perfect covalent crystals), the <7 > parameter
reflects the degree of disorder of the material. Accordingly, under these conditions, with
an increase in the <7 > magnitude, the system becomes more disordered. This in turn
leads to a higher density of low-frequency vibrational modes and a stronger dependence
of their density on energy. It is on such vibrational modes that the absorption of THz ra-
diation occurs.

4. Conclusions

For a set of GexAsySeix-y-z-s-Sb-SnsTet chalcogenide glasses of eight different com-
positions, spectra of extinction coefficient and refractive index were obtained in the 0.1-
2.2 THz frequency range. The refractive index of the studied glasses exhibits a weak
spectral dependence, and its values at a frequency of about 1 THz vary from 2.8 to 3.6,
depending on the material composition. The observed THz refractive index values are
close to those of crystals of a wide range of semiconductors. The extinction coefficient
increases significantly with increasing frequency. Moreover, the extinction coefficient
values are higher in glasses with higher refractive indices. The spectra of the product of
the THz power absorption coefficient & and the refractive index " can be approxi-
mated by power functions. Such patterns have been observed for a wide class of highly

disordered systems, such as amorphous and glassy materials. The exponent b for the
approximating power functions varies from 1.68 to 2.38 depending on the composition of
the chalcogenide glass. A correlation was found between the values of the average coor-
dination number <7 >, which characterizes the chalcogenide glass structure, and the

parameter b , which characterizes the THz absorption, for the studied GeAsSeSbSnTe
chalcogenide glasses. In addition, in the present work, a number of chalcogenide glass
compositions, namely GeSeTe and AsSeSbSn were investigated in the THz spectral range
for the first time.

Author Contributions: Conceptualization, data analysis, and writing—original draft preparation,
A.V.A,; methodology and investigation, A.A.S.; software and validation, N.V.S.; formal analysis
and data curation, A.G.P.; project administration, supervision and writing—review and editing,

G.LK. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://doi.org/10.3390/mi17050533



Micromachines 2026, 17, 533 11 of 12

Data Availability Statement: The original contributions presented in this study are included in the

article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: Authors Alexey A. Shakhmin, Nikolay V. Sivov and Grigory 1. Kropotov
were employed by the Tydex LLC. The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed as a potential

conflict of interest.

References

1.  Peiponen, K.-E.; Zeitler, J.A.; Kuwata-Gonokami, M. (Eds.) Terahertz Spectroscopy and Imaging; Springer: Berlin/Heidelberg,
Germany, 2013; 641p. https://doi.org/10.1007/978-3-642-29564-5.

2. Koch, M,; Mittleman, D.M.; Ornik, J.; Castro-Camus, E. Terahertz time-domain spectroscopy. Nat. Rev. Meth. Prim. 2023, 3, 48.
https://doi.org/10.1038/s43586-023-00232-z.

3. Sakai, M. (Ed.) Terahertz Optoelectronics; Springer: Berlin/Heidelberg, Germany, 2005; 387p. https://doi.org/10.1007/b80319.

4 Andrianov, A.V. Generation of terahertz radiation in semiconductors. Phys. Solid State 2023, 65, 1633-1671.
https://doi.org/10.61011/FTT.2023.10.56311.142.

5. Sizov, F. Terahertz radiation detectors: The state-of-the-art. Semicond. Sci. Technol. 2018, 33, 123001.
https://doi.org/10.1088/1361-6641/aaed73.

6. Rogalin, V.E.; Kaplunov, L.A.; Kropotov, G.I. Optical materials for the THz range. Opt. Spectrosc. 2018, 125, 1053-1064.
https://doi.org/10.1134/S0030400X18120172.

7. Ukirade, N.A. A review on advancement of materials for terahertz application. Next Mater. 2025, 6, 100479.
https://doi.org/10.1016/j.nxmate.2024.100479.

8.  Kolomiets, B.T. State and prospects in investigations of chalcogenide vitreous semiconductors. J. Non-Cryst. Solids 1983, 5960,
973-981. https://doi.org/10.1016/0022-3093(83)90331-9.

9. Singh, P.K,; Dwivedi, D.K. Chalcogenide glass: Fabrication techniques, properties and applications. Ferroelectrics 2017, 520,
256-273. https://doi.org/10.1080/00150193.2017.1412187.

10. Bruno, B.; Maurugeon, S.; Charpentier, F.; Adam, ]J.-L.; Boussard, P.; Zhang, X.-H. Chalcogenide glass fibers for infrared sens-
ing and space optics. Fiber Integr. Opt. 2009, 28, 65-80. https://doi.org/10.1080/01468030802272542.

11. Eggleton, B.J.; Luther-Davies, B., Richardson, K. Chalcogenide Photonics. Nat. Photon. 2011, 5, 141-148.
https://doi.org/10.1038/nphoton.2011.309.

12. Kang, S.B.; Kwang, M.H,; Park, B.J.; Kim, S.; Ryn, H.-C.; Chung, D.C,; Jeong, S.Y.; Kang, D.W.; Choi, S.K.; Park, M.C.; et al.
Optical and dielectric properties of chalcogenide glasses at terahertz frequencies. ETRI ]. 2009, 31, 667-674.
https://doi.org/10.4218/etrij.09.1209.0028.

13. Zalkovskij, M.; Bisgaard, C.Z.; Novitsky, A.; Malureanu, R.; Savastru, D.; Popescu, A.; Jepsen, P.U.; Lavrinenko, A.V. Ul-
trabroadband  terahertz  spectroscopy of chalcogenide glasses. Appl. Phys. Lett. 2012, 100, 013901.
https://doi.org/10.1063/1.3676443.

14. Ravagli, A,; Naftaly, M.; Craig, C.; Weatherby, E.; Hewak, D.W. Dielectric and structural characterization of chalcogenide
glasses via terahertz time-domain spectroscopy. Opt. Mater. 2017, 69, 339-347. https://doi.org/10.1016/j.optmat.2017.04.057.

15. Tostanoski, N.J.; Sundaram, S.K. Universal power-low of therahertz optical properties of borosilicate, telluride, and chalco-
genide glass families. Sci. Rep. 2023, 13, 2260-2268. https://doi.org/10.1038/s41598-023-29345-x.

16. Strom, U.; Hendrickson, J.R.; Wagner, R.].; Taylor, P.C. Disorder-induced far-infrared absorption in amorphous materials. Solid
State Commun. 1974, 5, 1871-1875. https://doi.org/10.1016/0038-1098(74)90106-9.

17.  Strom, U.; Taylor, P.C. Temperature and frequency dependencies of far-infrared and microwave absorption in amorphous
materials. Phys. Rev. B 1977, 16, 5512-5522. https://doi.org/10.1103/PhysRevB.16.5512.

18.  Born, M.; Wolf, E. Principles of Optics; Pergamon: Oxford, UK, 1987; pp. 66-78.

19. Jepsen, P.U.; Fischer, B.M. Dynamic range in terahertz time-domain transmission and reflection spectroscopy. Opt. Lett. 2005,
30, 29-31. https://doi.org/10.1364/OL.30.000029.

20. Grischkowsky, D.; Keiding, S.; van Exter, M.; Fattinger, C. Far-infrared time-domain spectroscopy with terahertz beams of
dielectrics and semiconductors. J. Opt. Soc. Am. B 1990, 7, 2006-2015. https://doi.org/10.1364/josab.7.002006.

21. Naftaly, M.; Miles, R.E. Terahertz time-domain spectroscopy: A new tool for study of glasses in the far infrared. ]. Non_Cryst.

Solids 2005, 351, 3341-3346. https://doi.org/10.1016/j.jnoncrysol.2005.08.003.

https://doi.org/10.3390/mi17050533



Micromachines 2026, 17, 533 12 of 12

22.

23.
24.

25.

Schlomann, E. Dielectric losses in ionic crystals with disordered charge fluctuations. Phys. Rev. 1964, 135, A413-A419.
https://doi.org/10.1103/PhysRev.135.A413.

Mott, N.F. Conduction in non-crystalline materials. Philos. Mag. 1969, 19, 835-852. https://doi.org/10.1080/14786436908216338.
Liu, J.Z,; Taylor, P.C. A general structure model for semiconducting glasses. Solid State Commun. 1989, 70, 81-85.
https://doi.org/10.1016/0038-1098(89)90472-9.

Lonergan, J.; Smith, C.; McClare, D.; Richardson, K. Thermophysical properties and conduction mechanisms in AsxSei- chal-
cogenide glasses ranging from x = 0.2 to 0.5. ]. Appl. Phys. 2016, 120, 145101. https://doi.org/10.1063/1.4962446.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/mi17050533



