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A B S T R A C T   

We report structure-terahertz (THz) property relationship for various non-oxide chalcogenide glasses including 
unary (vitreous selenium (Se)), binary (arsenic sulfide (As-S), arsenic selenide (As-Se), and germanium selenide 
(Ge-Se)), and ternary (germanium arsenic selenide (Ge-As-Se)), systems along with commercially available 
AMTIR-1, IRG 22, and IRG 24 Ge-As-Se glasses. This comprehensive study is the first of its kind to combine 
Raman spectroscopy to examine structural units, connectivity, and glass network and terahertz time-domain 
spectroscopy (THz-TDS) to record the THz refractive index, n(THz), across a broad THz bandwidth. THz-TDS 
was carried out at Alfred University (AU) and National Institute of Standards and Technology (NIST), ulti
mately providing confidence in n(THz) values measured at AU. Vitreous Se, <r> = 2.0, record the minimum THz 
refractive index value of all Se-containing glasses. As-S and As-Se binary glasses have the highest measurable THz 
refractive index value at <r> = 2.4. Ge-Se binary glasses measure increased THz refractive index as <r> in
creases, with the maximum at <r> = 2.8. Ternary Ge-As-Se glasses record the maximum THz refractive index 
value at <r> = 2.5 for Ge10As30Se60. Low-repetition rate femtosecond laser irradiation (≈1 KHz, ≈40 fs, and 
≈70 mW) was used to modify As-S and As-Se glass systems, where Raman and THz-TDS were used to observe 
minimal structural and THz refractive index values changes, respectively. Long-wave infrared (LWIR) (e.g., 10 
μm)-THz (e.g., 1.0 THz) refractive index correlation is presented for all binary and ternary studied chalcogenide 
glasses. Such a correlation is valuable for predicting and designing chalcogenide glasses for integrated optical 
applications across THz and IR regions.   

1. Introduction 

Non-oxide chalcogenide glasses are composed of elemental materials 
including glass forming chalcogen (Ch) elements, e.g., S, Se, and Te, and 
additional tetrel or pnictogen elements, e.g., Ge or As. Covalent bonding 
between elements dominates the glass structure with Ge, As, and Ch 
elements found in four-, three-, and two-fold coordination, respectively. 
Fig. 1 shows representative structural units found in chalcogenide 
glasses. The coordination number follows the 8-N rule, where N is the 
number of outer shell (valence) electrons. Vitreous sulfur and selenium 
form covalently bonded chains (Chn) (Fig. 1 (a)) and rings (Ch8) (Fig. 1 
(b)) with Van der Waals forces acting between the structural units, 
described as 0- (e.g., rings) and 1-dimensional (e.g., chains) glass 

networks. Addition of As or Ge to S or Se results in increased connec
tivity of the glass network, promoting the transition into a 2- (e.g., sheets 
or layers) and 3-dimensional glass network with As pyramidal, AsCh3/2 
(Fig. 1 (c)), and Ge tetrahedral, GeCh4/2 (Fig. 1 (d)), structural units 
connected via S or Se chains of various lengths, where AsCh3/2 pyramids 
contain a lone pair of electrons. According to this nomenclature, struc
tural units are referred to the number of atoms found in each unit, i.e., 
AsCh3/2 pyramids and GeCh4/2 tetrahedra indicates that each As and Ge 
atom are connected to three and four Ch atoms, respectively, that are 
each two-fold coordinated, identified by the /2 subscript, where each Ch 
atom is split between two structural units and serves as a bridging 
connection. 

Average or mean coordination number, <r>, increases as the 
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connectivity of the glass structure increases through addition of higher 
coordinated elements. <r> is defined as the weighted coordination of 
component elements/atoms within the glass, it is typically used to 
describe the structure and therefore resulting properties of the glass. 
Vitreous S and Se have <r> of 2, where addition of other elements, e.g., 
Ge and As, results in an increase in <r>, connectivity, and crosslinking 
of the glass network. The average coordination number, <r>, is calcu
lated by using the equation reflecting four-, three-, and two-fold coor
dination of Ge, As, and S and Se, respectively: 
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)
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(
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)

+ 2
(
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100
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(
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Phillips [1], Thorpe [2], and later Phillips and Thorpe [3] proposed 
the topological constraint theory to assist in describing glass formation 
based on bonding constraints and degrees of freedom for a glass network 
of a defined glass composition. Where glass networks of <r> less than 
2.4 and <r> greater than 2.4 are considered floppy or “under-con
strained” and rigid or “over-constrained”, respectively. An <r> = 2.4 is 
the ideal coordination of glass structure, that resists crystallization and 
has the most/ideal connected glass network or “optimally-constrained” 
and are the best glass forming compositions, where the number of 
constraints is equal to the number of degrees of freedom [1–5]. 

Chalcogenide glasses, e.g., As-S, As-Se, and Ge-Se binary glass sys
tems, e.g., such as As2S3, As2Se3, and GeSe2, and Ge-As-Se ternary sys
tems, e.g., commercially available AMTIR 1, IRG 22, and IRG 24, are 
often used in IR applications due to their specific optical properties [6]. 
Chalcogenide glasses have superior optical properties, while also pos
sessing inferior mechanical and thermal properties, in comparison to 
more traditional glasses, e.g., silicate, borate, borosilicate, and phos
phate glass systems, including a wide transparency window across the 
infrared (IR) region, including the long-wave infrared (LWIR) region of 
the electromagnetic spectrum from 8 to 12 μm [7–10], high refractive 
index [7,11–15] provided in Table 1, high nonlinear optical properties 
[7], and low refractive index dispersion [7,11–15]. Chalcogenide glasses 
have reduced ultraviolet (UV) and visible (Vis) transmission due to 
electronic transitions occurring at the optical bandgap. Increased IR 
transmission window is due to fundamental vibrational modes occurring 
at lower frequencies for heavier elements in chalcogenide glasses. These 
properties allow chalcogenide glasses to be used in optical devices 
including thermal and infrared imaging [7,9,10], fiber optic amplifiers, 
optical gratings [16], active optical devices including modulators and 
switching devices [8,16,17], and data/information storage [8]. 

Terahertz time-domain spectroscopy (THz-TDS) measures optical 
and dielectric constants at defined THz frequencies. It is widely known 
that THz refractive index values are greater than those found in the 
visible region of the electromagnetic spectrum for indices near their 
respective minimum dispersion wavelength/frequencies, due to elec
tronic and ionic polarization mechanisms contributing to the total 
polarizability, this holds true for chalcogenide glasses. Previously, 
Naftaly et al. [19–22] reported THz refractive index and absorption 
spectra of various silicate glasses, concluding that glasses with constit
uents of higher polarizabilities, more ionic character, and a disordered 

network have larger measurable THz refractive index values. We have 
recently reported, for the first time, evidence of glass structure-THz 
property relationship in the sodium borosilicate glass system [23]. 
However, such a study has not been carried out for the chalcogenide 
glass family, with a few studies having reported THz refractive index 
values for chalcogenide glasses. Once such a relationship is established 
THz-TDS can become a powerful characterization technique for glasses 
[24]. It is suspected modification of THz refractive indices occurs with 
femtosecond laser irradiation, which has been known to induce refrac
tive index changes in the visible and IR regions. A brief review of 
femtosecond laser-glass interactions with a focus on chalcogenide glass 
systems is provided below and serves as a brief background to the 
reader. 

Femtosecond laser systems are used in micromachining of precise 3- 
dimensional photonic components or for surface or bulk modification or 
of glasses resulting in structural, density, and refractive index changes 
[25]. Laser-matter interactions are dictated by glass composition, 
structure and properties and laser parameters including repetition rate. 
Low-repetition rates are on the order of 1 to 200 kHz with pulse energies 
of a few μJ and pulse widths between 50 and 200 fs, where focal volume 
modification occurs within a single pulse [25–30]. Absorption of inci
dent photon energy by glasses occurs via nonlinear mechanisms, i.e., 
multiphoton ionization in which an electron absorbs energy from mul
tiple incident photons transitioning from the valence to conduction 
band, overcoming the band gap energy. Musgraves et al. [31] reviewed 
mechanisms of laser-induced structural modification of various glass 
systems with a focus on femtosecond modification of chalcogenides. 

Low-repetition rate material modification has produced low asym
metric refractive index changes on the order of 10−3 [26,29,30]. 
Refractive index modification for repetition rates greater than 50 kHz 
are associated with heat accumulation and corresponding glass melting 
and quenching, resulting in structural and refractive index changes 
[25–28]. Low-repetition rate femtosecond laser systems have been used 
to irradiate As-S [32,33], As-Se [32], and Ge-S [34], and multicompo
nent Ge-As-S [35], Ge-As-Se [36,37], Ge-S-In-S [34], Ge-Ga-As-S [38], 
and Ge-Ga-Sb-S-Se [39] chalcogenide glasses, primarily focused on 
reviewing damage mechanisms, laser damage threshold, glass stability, 
and microstructure modification of glasses for the purpose of femto
second laser writing or micromachining for production of waveguides 
with refractive index changes, with minimal structural or THz (struc
ture-THz) with femtosecond laser interaction studies carried out. 
Initially shown by Tanaka [40] and later confirmed by Efimov et al. 
[33], Raman spectra of laser exposed As-S glasses confirmed merging of 
bands, e.g., at ca. 223 and 236 cm−1 into a broad band, suggesting an 
increase in disorder of the network and photodarkening (PD) and 
broader distribution of bond lengths and angles. Efimov et al. [33] 
determined refractive index changes, on the order of 5 × 10−4, in 
As40S60 was due to breaking stable heteropolar As-S bonds and photo
induced formation of As-As and S-S homopolar bonds, resulting in a 
more disordered glass network. Tanaka [41,42] reviewed bandgap ex
citations of As2S3 glass, one- and two-photon absorption of the same 
frequency produce PD and refractive index changes without PD, 

Fig. 1. Schematic of structural units found in various chalcogenide glasses, where Ch represents chalcogen S or Se atoms, including (a) Chn chain, (b) Ch8 ring, (c) 
AsCh3/2 pyramid with a lone pair of electrons, (d) GeCh4/2 tetrahedra, (e) corner-sharing GeCh4/2 tetrahedra, (f) edge-sharing GeCh4/2 tetrahedra, (g) Ge-Ge ho
mopolar bond in ethane-like (Ch3)Ge-Ge(Ch3) units, (h) As4Ch3 molecular cage, and (i) As4Ch4 molecular cage. 
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respectively. Petit et al. [43] systemically studied the Ge-Sb-S/Se system 
suggesting laser irradiation promotes connectivity of GeS4 units through 
forming corner sharing GeSe4/2 units, S-S bridges, and homopolar S-S 
and Se-Se bonds. Petit et al. [44] reviewed the photoresponse of As- and 
Ge-S glass films where laser exposure of As- and Ge-based glasses results 
in As network bond dissociation and network bond rearrangement with 
positive and negative changes in the refractive index, respectively, and 
includes PD and photobleaching (PB). Sundaram et al. [45] reviewed 
accumulated gamma radiation doses effects on the structure and optical 
properties of As-S binary chalcogenide glasses. 

Our work aims to review and advance structure-THz property rela
tionship within the non-oxide vitreous selenium (Se), arsenic sulfide (As- 
S), arsenic selenide (As-Se), germanium selenide (Ge-Se), and germa
nium arsenic selenide (Ge-As-Se) chalcogenide glass systems. Such a 
relationship and correlations will be beneficial for predicting and con
trolling optical properties for integrated THz photonics and potentially 
dual mode across THz and long-wave infrared (LWIR) regions. A low- 
repetition rate femtosecond laser system with 800 nm wavelength 
output was used to irradiate and modify the glass structure. Raman 
spectroscopy was used to provide insight into short- and intermediate- 
range order of the glass structure, connectivity, and network of pris
tine and laser irradiated chalcogenide glasses and THz-TDS applied to 
determine the refractive index at THz frequencies of pristine and laser 
irradiated glasses. Measured THz-TDS refractive indices at Alfred Uni
versity (AU) was evaluated through THz-TDS of As-S and As-Se at Na
tional Institute of Standards and Technology (NIST), ultimately 
providing confidence in measured THz refractive indices. LWIR-THz 
refractive index correlation of chalcogenide glass families is presented 

with structure-property relationships developed within the chalco
genide glass systems studied. 

2. Experimental procedure1 

Vitreous selenium (Se), arsenic sulfide (As-S), arsenic selenide (As- 
Se), germanium selenide (Ge-Se), and germanium arsenic selenide (Ge- 
As-Se) families of unary, binary, and ternary chalcogenide glasses were 
produced and processed at Rochester Precision Optics (RPO), discussed 
in detail elsewhere [11]. Commercial Ge-As-Se AMTIR 1 (amorphous 
material transmitting infrared radiation) (Ge33As12Se55), IRG 22 
(Ge33As12Se55), and IRG 24 (Ge10As40Se50) ternary chalcogenide glasses 
were acquired from Amorphous Materials [12] and Schott [14,15], 
respectively. The ternary phase diagram of all studied chalcogenide 
glasses is shown in Fig. 2. Table 1 summarizes all glass compositions 
studies with corresponding <r> values. Binary stoichiometric compo
sitions occur for As40S60, As40Se60, and Ge33Se67 with <r> of 2.40, 2.40, 
and 2.66, respectively. 

As-S Raman spectra were measured using an alpha300 RA (WITec 
GmbH, Ulm, Germany) confocal Raman microscope. Spectra were 
collected using a 633 nm excitation wavelength laser with a power of 
≈0.5 mW, 1800 g/mm diffraction grating, × 50 magnification objective, 
and average of 20 accumulations of 20 s integration time. The remaining 
Raman spectra, including vitreous Se, As-Se, Ge-Se, Ge-As-Se, and 
commercial Ge-As-Se glasses, were measured using an alpha300R 
(WITec GmbH, Ulm, Germany) confocal Raman microscope equipped 
with a 785 nm excitation wavelength laser and tuned to a power be
tween ≈100 μW to 1 mW. Spectra were collected with an integration 

Table 1 
Experimental (nominal) vitreous selenium (Se), arsenic sulfide (As-S), arsenic selenide (As-Se), germanium selenide (Ge-Se), and germanium arsenic selenide (Ge-As- 
Se) glass compositions (at.%) with corresponding average coordination number (<r>), experimental 0.5 and 1.0 THz refractive index (n) and standard deviation (σ), 
and refractive index at defined long-wave infrared (LWIR) wavelength of 10 μm as reported in literature using a six variable Sellmeier equation.  

Glass (at.%) Ge (%) As (%) S (%) Se (%) <r> n(0.5 THz) σ(0.5 THz) n(1.0 THz) σ(1.0 THz) n(10 μm) Refs. 

Se - - - 100 2.00 2.4778 0.0128 2.4535 0.0168 - - 
As15S85 - 15 85 - 2.15 2.2156 0.0148 2.2104 0.0141 2.0482 * [18] 
As20S80 - 20 80 - 2.20 2.3306 0.0049 2.3234 0.0038 2.1132 * [18] 
As25S75 - 25 75 - 2.25 2.4376 0.0059 2.4274 0.0053 2.1781* [18] 
As30S70 - 30 70 - 2.30 2.5467 0.0052 2.5335 0.0054 2.2488 [18] 
As35S65 - 35 65 - 2.35 2.6483 0.0088 2.6369 0.0081 2.3081* [18] 
As40S60 - 40 60 - 2.40 2.8166 0.0032 2.8037 0.0027 2.3762 [18] 
As10Se90 - 10 - 90 2.10 2.6128 0.0116 2.5936 0.0110 2.4894 [11] 
As20Se80 - 20 - 80 2.20 2.7816 0.0079 2.7649 0.0052 2.5811 [11] 
As30Se70 - 30 - 70 2.30 2.9013 0.0170 2.8768 0.0203 2.6598 [11] 
As40Se60 - 40 - 60 2.40 3.1342 0.0018 3.1131 0.0021 2.7781 [11] 
As50Se50 - 50 - 50 2.50 2.9278 0.0016 2.9057 0.0019 - ◆ - 
As60Se40 - 60 - 40 2.60 2.7311 0.0026 2.7062 0.0022 - ◆ - 
Ge10Se90 10 - - 90 2.20 2.6093 0.0071 2.5941 0.0049 2.4225 [11] 
Ge20Se80 20 - - 80 2.40 2.6899 0.0040 2.6808 0.0063 2.3942 [11] 
Ge30Se70 30 - - 70 2.60 2.7169 0.0072 2.7000 0.0044 2.3529 [11] 
Ge40Se60 40 - - 60 2.80 2.9024 0.0116 2.8948 0.0248 2.4865 [11] 
Ge10As10Se80 10 10 - 80 2.30 2.7114 0.0153 2.6871 0.0206 2.4924 [11] 
Ge10As20Se70 10 20 - 70 2.40 2.8996 0.0065 2.8886 0.0051 2.5508 [11] 
Ge20As10Se70 20 10 - 70 2.50 2.8410 0.0115 2.8300 0.0138 2.5037 [11] 
Ge10As30Se60 10 30 - 60 2.50 3.0116 0.0103 2.9900 0.0115 2.6080 [11] 
Ge20As20Se60 20 20 - 60 2.60 2.8153 0.0238 2.8240 0.0175 2.4911 [11] 
Ge30As10Se60 30 10 - 60 2.70 2.7282 0.0261 2.7336 0.0255 2.4265 [11] 
AMTIR 1 33 12 - 55 2.78 2.8732 0.0006 2.8898 0.0013 2.4981 [12] 
IRG 22 33 12 - 55 2.78 2.8583 0.0014 2.8684 0.0023 2.4968 [14] 
IRG 24 10 40 - 50 2.60 2.8944 0.0005 2.8847 0.0014 2.6090 [15]  

* Extrapolation of select As-S glass n(10 μm) from interpolated refractive index range using Sellmeier parameters from Ref. [18]. 
◆ It is not appropriate to extrapolate n(10 μm) from interpolated refractive index range using Sellmeier parameters due to <r> trend, it is suspected when <r>

increases beyond 2.4 that n(10 μm) decreases. 

1 Certain commercial equipment or materials are identified in this paper to 
adequately specify the experimental procedures. In no case does the identifi
cation imply recommendation or endorsement by NIST, nor does it imply that 
the materials or equipment identified are necessarily the best available for the 
purpose. 
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time of 10 s and average of 10 accumulations or an integration time of 2 
s and average of 100 accumulations were used. Measured spectra were 
minimally processed by performing cosmic ray removal, bringing each 
overall spectrum down to a minimum intensity of zero, and performing 
maximum peak intensity normalization. 

A commercial Teraview TPS Spectra 3000 (Teraview, Cambridge, 
UK) was used for THz-TDS characterization at Alfred University (AU). 
Real and imaginary optical and dielectric constants were collected from 
0.2 to 1.0 THz (composition dependent) in transmission configuration in 
pure nitrogen. THz radiation was generated using a mode-locked Ti: 
Sapphire laser operating with a repetition rate of 80 MHz, central 
wavelength of 800 nm, and pulse duration of 100 fs. Each sample was 
scanned at five different locations and averaged, resulting in standard 
deviation in measurements. 3000 scans were collected for each THz 
spectra with a 1.2 cm−1 resolution and 30 scan frequency. 

Time-resolved THz-TDS measurements were carried out at NIST 
following previous experiments seen elsewhere [46–48]. The THz-TDS 
apparatus is based on a 1 kHz Ti:Sapphire amplifier optical pump-THz 
probe spectrometer. The apparatus was used to measure THz refrac
tive indices from 0.2 to 1.0 THz operating in transmission mode and to 
perform kHz low-repetition rate laser irradiation of As-S and As-Se 
glasses. Probe pulses were blocked with an optical chopper and 
probe-gate optical delay swept using a translation stage. THz probe was 
focused using parabolic mirrors to a spot size with a diameter of ≈1.5 
mm. Spot laser irradiation was carried out with approximate conditions 
at a repetition rate of 1 kHz, average beam power of ≈70 mW, pulse 
duration of ≈40 fs, beam wavelength of 800 nm, beam diameter of ≈3 
mm, and for a ≈5 min duration. 

3. Results and discussion 

3.1. Raman spectroscopy 

3.1.1. Unary-vitreous Se bands and glass structure 
Fig. 3 shows the Raman spectrum of vitreous selenium, containing 

bands at ca. 109, 130, 238, 250, and 260 cm−1. The low-frequency bands 
at ca. 109 and 130 cm−1 are characteristic to bond-bending vibrations of 

selenium units [49–52]. Vitreous selenium has a dominant band at ca. 
250 cm−1 attributed to selenium chains and rings [49–53]. The low- and 
high-frequency shoulders of this primary signature are located at ca. 238 
and 260 cm−1, and are assigned to vibrational mode of selenium chains 
[49–53] and rings [49–53], respectively. 

Vitreous selenium is defined as having a 0- or 1-dimensional glass 
network, where selenium atoms are found in chains or rings. Se atoms 
found in chains and rings are covalently bonded, while van der Waals 
forces are seen between structural units. Structural and property studies 
on vitreous selenium can be found elsewhere [7,54]. Experimental 
Raman spectra indicate that selenium atoms are found chain and ring 
structural units as the high-frequency band at ca. 250 cm−1 dominates 
the Raman spectra. The low- and high-frequency shoulders reflect se
lenium found in chains and rings, respectively. The low-frequency 
vibrational modes suggest bond-stretching vibrations within ring and 
chain structural units. 

Fig. 2. Ternary diagram of all studied chalcogenide glasses, where vertical lines represent <r>.  

Fig. 3. Maximum intensity arbitrary Raman spectrum of vitreous Se.  

Nicholas J. Tostanoski et al.                                                                                                                                                                                                                  



Journal of Non-Crystalline Solids 600 (2023) 122020

5

3.1.2. Binary – As-S, As-Se, and Ge-Se bands and glass structures 
Experimental Raman spectra for binary arsenic sulfide (As-S), arsenic 

selenide (As-Se), and germanium selenide (Ge-Se) glasses are shown in 
Fig. 4 (a), (b), and (c), respectively. Raman spectral changes including 
band and intensity evolution is observed with addition of arsenic or 
germanium to the glass network across the experimental compositional 
space, ultimately suggesting structural changes with progression of a 
glass system. Table 2 summarizes experimental Raman band positions, 
assignment of bands, and corresponding literature references for binary 
chalcogenide glasses. 

Increasing arsenic content in favor of sulfur, As15S85 (<r> = 2.15) to 
As40S60 (<r> = 2.40), reflects the polymerization and increased con
nectivity of the glass network as observed from the Raman spectra. That 
is, a S-rich glass such as As15S85 consists of excess sulfur found in rings or 
chains as observed from the bending and stretching modes at ca. 152, 
219, 236, 463, 473, and 493 cm−1. Within the spectral envelope, found 
at ca. 300 to 400 cm−1, are two bands at ca. 335 and 361 cm−1. These 
bands are attributed to asymmetric and symmetric stretching modes of 
AsS3/2 pyramids, respectively. This envelope reflects the role arsenic 
plays in the glass network, forming arsenic structural units. Where the 
excess sulfur can be found in chains or rings. Further introduction of 
arsenic results in spectral changes culminating to the As40S60 spectra. 
Raman spectral changes suggest shortening sulfur chains and removal of 
sulfur rings, as sulfur is used to create AsS3/2 pyramidal structure units, 
seen at ca. 340 cm−1. Such AsS3/2 pyramidal units increase the glass 
connectivity. Low intensity bands at ca. 187, 234, and 493 cm−1 are due 
to numerous structural units including bending modes of AsS3/2 pyra
mids and stretching vibrations of sulfur rings or chains. It is suggested at 
this stoichiometric glass composition that reduced quantities of excess 
sulfur are found in chains, due to the low intensity. Such Raman spectral 
changes suggest the transformation of a glass network of As15S85 con
sisting of sulfur rings and chains, with few AsS3/2 pyramids cross linking 
the longer sulfur chains, into the stoichiometric composition of As40S60 
with a 2- or 3-D glass network consisting of AsS3/2 pyramids with 
reduced quantities of, if any, shorter sulfur chains, representing the 
excess sulfur not used in creation of AsS3/2 pyramids, ultimately forming 
sheets or layers. Low-repetition rate femtosecond laser irradiated As-S 

Raman spectra (seen in red in Fig. 4 (a)) show nearly identical spec
tral signatures as pristine glass, suggesting minimal structural changes 
observable by Raman spectroscopy. Minimal spectral changes go against 
literature that demonstrates formation of wrong bonds, e.g., As-As or S- 
S, while we observe reversible photodarkening with time. 

Gradual substitution of arsenic content in place of selenium, As10Se90 
(<r> = 2.10) to As40Se60 (<r> = 2.4), results in polymerization and 
increased connectivity of the glass network observed through gradual 
shifts in the Raman spectra, concluding with a reduced dimensionality 
and connectivity with further transformation to As60Se40 (<r> = 2.6) 
[75]. A Se-rich glass primarily consists of selenium chains or rings, 
described by the asymmetric band at ca. 251 cm−1. The low frequency 
shoulder associated with this band at ca. 223 cm−1 reflects the role of the 
reduced arsenic content plays in the glass structure, through initial 
formation of AsSe3/2 pyramidal structural units. AsSe3/2 pyramids con
nect the selenium chains and increased the dimensionality/connectivity 
of the glass. Further addition of arsenic in place of selenium results in 
further Raman spectral changes, where the low frequency shoulder at ca. 
223 cm−1 becomes the primary band of the spectra, as seen with 
As40Se60. The previous high intensity band at ca. 251 cm−1 shifts to 
becoming a shoulder associated with the new band. These Raman 
spectral changes suggest the transformation and further introduction of 
AsSe3/2 pyramids into the glass network, shortening and removing the 
selenium chains and rings, thus increasing the connectivity and 
dimensionality. Continued replacement of selenium by arsenic reflects a 
transformation from a Se- to As-rich glass including glass network with 
reduced dimensionality and connectivity, showing associated Raman 
spectral changes, including the introduction of new defined bands 
observed for As60Se40. AsSe3/2 and As4Se4 or As4Se3 structural units are 
attributed to the bands at ca. 202, 223, and 235 cm−1. The low intensity 
and low frequency bands at ca. 111 and 146 cm−1 are due to As-As 
bonds. While the high frequency bands at ca. 253 and 278 are associ
ated with selenium bridges between AsSe3/2 pyramids and As4Se4 or 
As4Se3 cages. The low intensity bands are associated with selenium 
chains, while high intensity bands representing the arsenic structural 
units suggest that selenium is used in forming such units. It is suspected 
bands associated with selenium at high arsenic content can be explained 

Fig. 4. Maximum intensity normalized Raman spectra of (a) As-S, (b) As-Se, and (c) Ge-Se glasses, black and red correspond to pristine and laser irradiated Raman 
spectra, respectively. 
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in terms of bridges between arsenic structural units, e.g., As-Se-As, as 
selenium chains should have both reduced size and quantity, if any 
appear at all. Raman spectral changes suggest the gradual trans
formation of a Se- to As-rich glass network and structure. Where sele
nium is initially found in chains connected by few AsSe3/2 pyramidal 
structural units, consisting of a primarily 1-D glass network, into that of 
a 2- or 3-D glass network consisting of primarily AsSe3/2 in sheets or 
layers, and concluding with reduced dimensionality and connectivity 
with 0-D As4Se4, and As4Se3 structural units. Laser irradiated As-Se bi
nary chalcogenide glass Raman spectra (shown in red in Fig. 4 (b)) have 
minimal observable Raman spectral changes across the binary series, 
suggesting minimal structural changes are observed through Raman 
spectroscopy. Raman spectral changes of As10Se90 observes a slight in
tensity discrepancy of the low-frequency shoulder observed at ca. 235 
cm−1, where the laser irradiated spectra has an intensity increase of the 
shoulder, attributed to selenium chains and rings. As60Se40 Raman 
spectral changes are observed at ca. 202 and 235 cm−1, the former 
shows a upshift in frequency and a slight peak shift change, and the 
latter shows an upshift in frequency and relative intensity increase. The 
reduced quantity of slight Raman spectral changes suggests nominal 
measurable structural changes via Raman spectroscopy. However, 
reversible, with time, photodarkening was observed for As-Se glasses. 

Raman spectral changes of Ge-Se glasses reflect the substitution of 
germanium content for selenium content, Ge10Se90 (<r> = 2.20) to the 
stoichiometric composition of Ge33Se67 (<r> = 2.66, this composition is 
not studied in this series) to Ge40Se60 (<r> = 2.80), seen with an initial 
increase and subsequent reduction in connectivity and dimensionality, 
e.g., polymerization followed by depolymerization, of the glass network. 
Germanium is found in four-fold coordination as GeSe4/2 structural 
units, with selenium in ring and chain structural units. Se-rich Ge-Se 
glass Raman spectra are dominated by populations of selenium rings or 
chains through the band at ca. 254 cm−1. GeSe4/2 tetrahedra structural 
units are found in reduced quantities in corner- and edge-sharing con
figurations, observed at ca. 194 and 212 cm−1, respectively. Increased 
quantities of germanium, and reduction of selenium content, is seen 
through increased band intensities of corner- and edge-sharing GeSe4/2 
tetrahedra. GeSe4/2 tetrahedra become the dominant structural units, as 
selenium chains show a reduction in population through relative in
tensity reductions. Relative band intensities of corner- and edge-shared 
GeSe4/2 tetrahedra allow for differentiation as to which species is 
dominant and makes up the glass network. Ge-Se glasses have GeSe4/2 
tetrahedra primarily in corner-sharing GeSe4/2 configuration, with 
reduced quantities of edge-sharing GeSe4/2 configurations, observed 
through relative band intensity ratio. Increased germanium content 
shows a general upshift of all band positions. Ge-rich, or Se-deficient, 
Ge-Se glasses beyond the stoichiometric composition of Ge33Se67 have 
the most pronounced spectral changes through development of bands at 
ca. 176 and 285 cm−1. The former is characteristic to Ge-Ge homopolar 
bonds and the latter to vibrational modes of GeSe4/2 tetrahedra. We 
suspect the band centered at ca. 201 cm−1 with a shoulder at ca. 217 
cm−1 is a convoluted band attributed to both edge-sharing and corner- 
sharing GeSe4/2 tetrahedra seen at increased Ge content. Ge-rich Ge-Se 
glasses have increased quantities of GeSe4/2 tetrahedra with reduced 
populations of, if any, selenium chains. However, at Ge40Se60, and even 

Table 2 
Raman band positions, assignments, and references appliable to chalcogenide 
glasses.  

Band 
position at 
ca. (cm−1) 

System and Region Assignment Refs. 

109 to 177 Se 
As-Se (As-rich) 
Ge-As-Se 

Vibrations of As-As, Ge-As, 
Ge-Ge bonds within larger 
structural units and bending 
modes of Se 

[49–51, 
55–58] 

152 As-S (S-rich) S-S bending modes and S 
rings 

[59–63] 

176 Ge-Se (Ge-rich) Vibrations of metal-metal or 
Ge-Ge homopolar bonds 

[55] 

187 As-S 
(stoichiometric) 

As-As bonds and bending 
modes of AsS3/2 pyramids, S 
chains, and As4S4 cages 

[59,64–66] 

194 to 201 
191 to 
197 

Ge-Se (Ge-rich) Ge- 
As-Se (Ge-rich) 

Breathing modes of corner- 
shared GeSe4/2 tetrahedra 

[67–73] 

202 As-Se (As-rich) As4Se4 cages [49–51,74] 

212 to 217 
201 to 
215 

Ge-Se (Ge-rich) Ge- 
As-Se (Ge-rich) 

Breathing modes of edge- 
shared GeSe4/2 tetrahedra 

[67–73] 

219 
219 to 
223 
212 to 
228 

As-S (S-rich) 
As-Se (As-rich) 
Ge-As-Se (As-rich) 

S-S bending modes and 
symmetric vibrations of S 
rings 
As-Se stretching modes in 
AsSe3/2 pyramidal 
structural units 

[49–51,53, 
59,61–63, 
74,75] 

234 to 236 
235 to 
238 
236 to 
243 

As-S 
As-Se 
Ge-As-Se 

S-S bonds and S rings (S- 
rich), and bending modes of 
AsS3/2 pyramids, S rings or 
chains, and As4S4 cages (As- 
rich) 
As4Se3 cages (As-rich) and 
Se chains or rings (Se-rich) 

[49–51,53, 
59,60, 
64–66,74, 
76] 

250 
251 to 
253 
235 to 
265 
254 to 
255 

Se 
As-Se (Se-rich) 
Ge-Se (Se-rich) 
Ge-As-Se (Se-rich) 

Se rings or chains [49–51,53, 
58,69,70, 
72–75] 

278 As-Se (As-rich) Se rings and chains/bridges 
between AsSe3/2 pyramids 
and As4Se4 or As4Se3 cages 

[49–51,74] 

285 
290 to 
302 

Ge-Se (Ge-rich) 
Ge-As-Se (Ge-rich) 

Asymmetric stretching of 
corner-sharing and out-of- 
phase stretching of edge- 
sharing of GeSe4/2 

tetrahedra, convolution of 
GeSe4/2 tetrahedra, Se ring, 
and chains 

[55,67,77] 

335 As-S (S-rich) Asymmetric stretching 
modes of AsS3/2 pyramids 

[60,78,79] 

340 As-S (As-rich) Symmetric stretching 
vibrational modes of AsS3/2 

pyramids, low and high 
frequency shoulders 
attributed to asymmetric 
stretching modes of AsS3/2 

pyramids and As-S-As 
bridges, respectively 

[59,60, 
64–66,78, 
79] 

361 As-S (S-rich) Symmetric stretching 
modes of AsS3/2 pyramids 

[78,79] 

463 As-S (S-rich) S-S stretching in S chains or 
rings 

[61,80]  

Table 2 (continued ) 

Band 
position at 
ca. (cm−1) 

System and Region Assignment Refs. 

473 As-S (S-rich) S-S symmetric vibrations, 
bending modes in S rings or 
chains, and S-S linkages 
between AsS3/2 pyramids 

[59,61, 
64–66, 
78–81]. 

493 As-S (S-rich) Stretching vibrations of S-S 
bonds in S rings or chains 

[59,64–66, 
76,81]  
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at Ge30Se70, we suspect that the transformation of GeSe4/2 tetrahedra 
into GeSe3/2 tetrahedra with a Ge-Ge bond must occur. Ge-Ge bonds are 
observed in great quantities as GeSe3/2 populations increase, it is sus
pected selenium atoms are deficient in the ability to satisfy tetrahedral 
coordination of Ge atoms, resulting in formation of homopolar Ge-Ge 
bonds. Formation of Ge-Ge homopolar bonds corresponds to a reduced 
dimensionality, converting the glass network and structural unit into a 
1-dimensional ethane-like (Ch3)Ge-Ge(Ch3) unit. Occurrence of these 
ethane-like (Ch3)Ge-Ge(Ch3) units confirms GeSe3/2 is the only unit 
allowed. 

3.1.3. Ternary – Ge-As-Se bands and glass structure 
Fig. 5 (a) and (b) shows experimental Raman spectra of ternary 

germanium arsenic selenide (Ge-As-Se) chalcogenide glasses and 
commercially available AMTIR 1 (Ge33As12Se55), IRG 22 
(Ge33As12Se55), and IRG 24 (Ge10As40Se50) glasses, respectively. Ge-As- 
Se glass structure is composed of structural units found in As-Se and Ge- 
Se glasses with arsenic and germanium are found in three- and four-fold 
coordination, respectively, e.g., AsSe3/2 pyramids and GeSe4/2 tetra
hedra connected via Se chains of varying lengths, identifiable via Raman 
spectra. Band positions between experimentally and commercially 
produced Ge-As-Se glasses share vibrational modes and assignments, 
ultimately dependent upon glass composition. Arsenic and germanium 
structural units add to the complexity in identifying and assigning bands 
to any one mode, resulting in convolved bands. Table 2 contains band 
positions, assignment, and literature references for Ge-As-Se glasses. 
Raman spectroscopy of commercially available Ge-As-Se glasses have 
been reported elsewhere [57,77]. 

Increasing arsenic and germanium content, at the expense of sele
nium content, serves to cross link the glass network, observed through 
gradual increase in the average coordination number, <r>. AsSe3/2 
pyramids and GeSe4/2 tetrahedra structural units connect the glass 
structure, polymerizing the glass structure, and shorten selenium chains 
found between such units. Understanding Ge-As-Se glasses is carried out 
through individual examination of the iso-germanium, iso-arsenic, or 
iso-selenium tie-lines to enhance observed trends in composition and 

structure. 
Examination of the iso-arsenic tie-line Raman spectra shows gradual 

increased quantities and population of germanium structural units, 
specifically GeSe4/2 tetrahedra, from Ge10As10Se80 (<r> = 2.30) to 
Ge20As10Se70 (<r> = 2.50) to Ge30As10Se60 (<r> = 2.70). Evolution of 
the iso-arsenic tie-line shows Raman signatures from corner- and edge- 
shared GeSe4/2 tetrahedra, AsSe3/2 pyramids, and selenium chains or 
rings. Corner- and edge-shared GeSe4/2 tetrahedra are observed as the 
primary Raman bands at ca. 191 and 201 cm−1, respectively. GeSe4/2 
tetrahedra become the primary structural unit observed in the glass 
structure, with AsSe3/2 pyramids or As4Se3 cages in slightly elevated 
quantities at ca. 214 and 243 cm−1, respectively, and reduced popula
tion and sizes of selenium rings and chains connecting such structural 
units, seen at ca. 255. Ge-Ge homopolar bonds between GeSe3/2 tetra
hedra are observed in Ge-rich compositions at ca. 177 cm−1. 

The iso-germanium tie-line Raman spectra shows increased quanti
ties of arsenic structural units, seen as AsSe3 pyramids, from 
Ge10As10Se80 (<r> = 2.30) to Ge10As20Se70 (<r> = 2.40) to 
Ge10As30Se60 (<r> = 2.50). Raman spectral changes of the iso- 
germanium tie-line shows initial GeSe4/2 tetrahedra, AsSe3/2 pyra
mids, and selenium chains or rings. AsSe3/2 pyramids and As4Se3 cages 
are the primary structural units found in the glass structure and quan
tities increase with increasing arsenic content at ca. 214 and 228 cm−1. 
Selenium chains and rings, at ca. 255 cm−1, show a reduction in popu
lation observed through Raman spectra. Corner- and edge-shared GeSe4/ 

2 tetrahedra are observed in the glass structure, at reduced quantities 
compared to arsenic structural units, at ca. 197 cm−1. 

Iso-selenium tie-lines of Se = 70 and 60 % allow for examination of 
glass structure, with Ge10As20Se70 (<r> = 2.40) to Ge20As10Se70 (<r>

= 2.50) or Ge10As30Se60 (<r> = 2.50) to Ge20As20Se60 (<r> = 2.60) to 
Ge30As10Se60 (<r> = 2.70), respectively. Raman spectra of Ge-As-Se 
glasses with Se =70 % have either increased quantities of germanium 
or arsenic with higher populations of GeSe4/2 tetrahedra or increased 
AsSe3/2 pyramids and As4Se3 cages, respectively. At Se = 60 % Raman 
spectra show Ge-rich, As-rich, and equal Ge and As content, with spec
tral changes reflecting composition and population of structural units. It 

Fig. 5. Maximum intensity normalized Raman spectra of (a) experimental and (b) commercial Ge-As-Se glasses.  
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is important to note for the studied compositions we suspect selenium 
serves as a bridge between structural units, with reduced quantities and 
sizes, if any, of selenium chains. Raman spectral changes suggest As-rich 
Ge-As-Se glasses are composed of arsenic structural units in the form of 
AsSe3/2 pyramids or As4Se3 cages found at increased populations, with 
reduced quantities of GeSe4/2 tetrahedra, and selenium chains. Ge-rich 
Ge-As-Se glass has Raman spectra suggesting GeSe4/2 corner- and 
edge-sharing tetrahedra are the primary structural unit making up most 
of the glass network, with reduced quantities of AsSe3/2 pyramids, 
As4Se3 cages, and selenium chains. Ge-rich glasses show noticeable Ge- 
Ge bonding between GeSe3/2 tetrahedra, as selenium cannot accom
modate the four-fold coordinated germanium, seen at ca. 177 cm−1. 
Equal arsenic and germanium content Ge-As-Se glasses serves as the 
mid-point between As- and Ge-rich compositions, where GeSe4/2 tetra
hedra, AsSe3/2 pyramids, As4Se3 cages, and selenium bridges or, if any, 
chains are all observed in the Raman spectra in significant quantities at 
ca. 197, 214, 238, and 255 cm−1, respectively. 

Raman spectral signatures from commercial Ge-As-Se glasses, 
AMTIR-1 and IRG 22 Ge-rich Ge-As-Se (Ge33As12Se55), are identical, as 
they share identical compositions. IRG 24 As-rich Ge-As-Se 
(Ge10As40Se50) glass has a distinct Raman spectrum from the other two 
commercial and experimental glasses, as this composition has the 
highest and lowest arsenic and selenium content, respectively. AMTIR-1 
and IRG 22 Raman spectra suggest the glass structure is primarily 
composed of GeSe4 corner-sharing tetrahedra at ca. 192 cm−1. Low- and 
high-frequency shoulders of this primary band are due to Ge-Ge ho
mopolar bonds and edge-shared GeSe4/2 tetrahedra at ca. 177 and 215 
cm−1, respectively. Reduced quantities of AsSe3/2 pyramids and sele
nium chains are suggested due to the broad low-intensity band at ca. 
254 cm−1. The broad, low-intensity band at ca. 290 cm−1 reflects edge- 
shared GeSe4/2 tetrahedra. Meanwhile, IRG 24 Raman spectra suggest 
AsSe3/2 pyramids, As4Se3 cages, and corner-shared GeSe4/2 tetrahedra 
are the primary building blocks of the glass network, seen as one 
convolved band with peaks at ca. 223, 236, and 194 cm−1, respectively. 
The high-frequency shoulder at ca. 250 cm−1 is due to selenium chains 
in reduced quantities and sizes, serving to connect the germanium and 
arsenic structural units. GeSe4/2 tetrahedra is supported through the 
band at ca. 302 cm−1. 

3.2. THz-TDS refractive indices 

It is common knowledge that glass structure dictates the resulting 
properties. This holds true for THz optical properties as well. THz 
properties, specifically the refractive index, have been recently reviewed 
for chalcogenide glasses, among other glass families, by Sundaram [82], 
along with individual studies carried out for selective compositions. 
Sundaram et al. [83] examined the binary As-S glass system using a THz 
spectrometer for transmission measurements. Results reflect composi
tional dependence of the refractive index allowing for compositional 
control over THz properties. Between 30 to 40 at.% As increases the 
refractive index values at 0.2 THz, beyond 40 at.% results in a reduced 
refractive index, associated with structural changes. McCloy et al. [18] 
have measured the refractive index of AsxS100-x glasses, x = 30, 33, 36, 
40, and 42 at.%, at visible, infrared, and sub-millimeter frequencies. 
Increasing <r> and As content have higher measured refractive index 
values, reaching a maximum 40 at.% or <r> = 2.4 and further As 
content results in lower refractive index values. This refractive index 
trend is universal to all measured frequencies, due to connectivity be
tween atoms and structural changes across the compositional space. As 
previously stated, <r> = 2.4 is associated with an ideally connected 
glass network that is optimally-constrained. This study concludes that a 
more compact structure, with <r> = 2.4, has a minimum Vm and 
maximum refractive index at all studied frequencies for binary As-S and 
As-Se series. Kang et al. [84] and Ravagli et al. [85] both reviewed optic 
and dielectric constants of more complex chalcogenide systems at THz 
frequencies, with a focus on refractive index and absorption coefficient 

values. 
Chalcogenide glasses have been selectively varied across the 

compositional space, resulting in various <r> values and fundamental 
building block structural units, providing a basis for understanding the 
connection between the glass structure and resulting THz properties. It is 
important to note that the structure-THz properties relationship has not 
been extensively studied for glasses, let alone for the selected chalco
genide glass families and specific compositional spaces at these defined 
THz frequencies. Sulfur atoms have a smaller polarizability, with more 
ionic bonding, than selenium atoms resulting in reduced refractive index 
values for glasses of defined compositions. The average coordination 
number, <r>, is used to describe the glass structure, connectivity, 
network, and final properties. In the case of binary chalcogenide glasses 
of compositions of As2S3 and As2Se3, the highest THz refractive index 
corresponds to <r> = 2.4 in their respective glass systems. 

Fig. 6 (a) shows the first of its kind of data of refractive index at 1.0 
THz as a function of <r>, highlighting intra- and inter-trends within one 
and between multiple chalcogenide families. 1.0 THz is selected as a 
frequency of focus for specific THz refractive index and <r> comparison 
of all chalcogenide glasses, due to the reduced dispersion and role it 
plays as a midpoint within the larger measured bandwidths for specific 
glass systems. Glass systems covering a wide bandwidth region have 
choppy refractive indices, i.e., show the etalon effect, at low THz values, 
i.e., 0.2 to 0.5 THz, that could be explained due to samples possessing a 
reduced sample thickness, e.g., less than 1 mm, on the order of the 
wavelength of THz waves. The oscillation in THz refractive indices, i.e., 
etalon effect, is observed for vitreous Se, Ge-Se, and Ge-As-Se from 0.2 to 
0.75 THz and is due to sample thickness and not due to vibrational 
behavior of the glass structure at THz frequencies, as glasses do not 
exhibit absorption bands characteristic to glass structure at THz fre
quencies, e.g., if the sample thickness was greater than 1 mm then 
refractive index dispersion would not be observed. Fig. 6 (b) shows the 
1.0 THz refractive index in the Ge-As-Se family across the ternary 
compositional space. The largest THz refractive index is seen for the 
As40Se60 composition and an incremental increase in the 1.0 THz 
refractive index as Se content is reduced is observed. Fig. 6 (c) presents 
change in refractive index (Δn) at 1.0 THz refractive index values as a 
function of <r> in for As-S and As-Se binary chalcogenide glasses due to 
low-repetition rate femtosecond laser irradiation. The measured Δn and 
standard deviation for both As-S and As-Se glasses are minimal on the 
order of 10−3 and 10−3 to 10−4, respectively. Distinct compositions 
within both As-S and As-Se series measure relatively higher Δn, as seen 
in Fig. 6 (c). As-S compositions of As15S85 and As25S75 have higher Δn of 
0.0090 and 0.0054 and standard deviation of 0.0051 and 0.0017, 
respectively. As-Se compositions of As20Se80 and As30Se70 record higher 
Δn of -0.0357 and 0.0282 with standard deviation of 0.0116 and 0.0152, 
respectively. The refractive index changes are on the order of those re
ported in literature by Refs. [31,33,44], with Δn between 10−2 to 10−4 

and ultimately dependent upon glass compositions, laser parameters, 
and wavelength of measurement. Understanding laser irradiated THz 
refractive index changes will enable writing optical components in 
glasses of tailored compositions for various THz applications that 
require specific refractive index values. Our results show laser irradia
tion could be used on select compositions to provide varying degrees of 
refractive index changes, i.e., if an application requires minimal changes 
to a pristine refractive index, then laser irradiation could be imple
mented to reach the targeted refractive index. 

3.2.1. Evaluation of THz refractive index from THz-TDS at Alfred 
University (AU) and NIST 

The accuracy of the THz-TDS system at AU was verified through 
refractive index measurements at THz frequencies obtained from THz- 
TDS system at NIST for all As-S and As-Se binary chalcogenide glasses. 
At AU, each sample was scanned five times and averaged, resulting in 
standard deviations on the order of 10−2 to 10−3. The average AU THz 
measurement was compared to a single average measurement obtained 
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from NIST. The percent error (δ) between the two instruments was less 
than 1 %, except laser irradiated As20Se80 with 1.61 %. As40S60 and 
As40Se60, presented due to both compositions possessing <r> = 2.4 and 
being the most well-known and studied compositions within the two 
binary series, refractive index as a function of frequency between 0.2 
and 1.0 THz obtained at AU and NIST is shown in Fig. 7 (a). Average THz 
refractive index measurements from 0.2 to 1.0 THz measured at both AU 
and NIST are remarkably accurate with pristine As40S60 and As40Se60 
having a percent error (δ) of 0.19 % and 0.03 %, respectively. Laser 
irradiated As40S60 and As40Se60 have a percent error of 0.41 % and 0.27 
%, respectively. AU and NIST average refractive index values are over 
0.2 to 1.0 THz and percent error (δ), calculated using δ = (|NIST − AU|/

AU) × 100, of each binary composition was calculated and shown in 
Fig. 7 (b). Pristine percent error is generally less than the laser irradiated 
percent error for both As-S and As-Se glass series. The As-S pristine and 
laser irradiated δ is between 0.02 to 0.70 % and 0.16 to 0.69 %, 
respectively, while the As-Se pristine and laser irritated δ is between 
0.01 to 0.27 % and 0.03 to 1.61 %, respectively. The percent error 
associated with THz refractive index measurements confirms the accu
racy and places great confidence in THz-TDS refractive index 

measurements taken at AU of high optical quality produced samples. 
Our THz refractive index measurements at AU and NIST show the 
measured error is within the error of the instrument(s). 

3.2.2. Unary-vitreous Se 
The THz refractive indices of vitreous selenium over 0.2 to 2.5 THz 

are shown in Fig. 8. Vitreous Se is defined as having a 0- or 1-dimen
sional glass network with selenium atoms found in chains or rings, 
with <r> = 2.0. As expected, the measured n(THz) is the lowest of all Se 
containing glasses, where addition of additional elements, e.g., As or Ge, 
increase the connectivity and dimensionality of the glass network and 
<r>. Vitreous Se n(THz) falls in line with the measured n(THz) of As-Se 
and Ge-Se series and follows the trendlines for both series, ultimately 
serving as the minimum of both. In the As-Se series the <r> increases by 
0.1 for every As addition and the Ge-Se has increases in <r> by 0.2. 

3.2.3. Binary-As-S, As-Se, and Ge-Se 
Fig. 9 (a)–(c) show the refractive index from 0.2 to 1.0 and 0.2 to 2.0 

THz of binary As-S, As-Se, and Ge-Se chalcogenide glasses, respectively. 
Within the As-S binary series a polymerized glass network and 

Fig. 6. (a) Se, As-S, As-Se, Ge-Se, and Ge-As-Se pristine 1.0 THz refractive index as a function of <r>, average of five collected spectra and error bars (standard 
deviation) are included, (b) Ge-As-Se 1.0 THz ternary diagram, and (c) As-S and As-Se change in 1.0 THz refractive index, Δn, due to femtosecond laser irradiation as 
a function of <r>. 
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increased connectivity, described by <r>, consisting of AsS3/2 pyramids, 
among other structural units, exhibits a larger terahertz refractive index 
within the THz regime. A clear increasing linear relationship at 1.0 THz 
refractive index as a function of <r>, and increasing arsenic content via 
substitution with sulfur content, is seen in Fig. 6 (a). Raman spectros
copy suggests further increasing arsenic content results in shortening of 
sulfur chains and increased crosslinking through AsS3/2 pyramidal 
structural units, this trend and increased dimensionality occurs up to the 
stoichiometric composition of As40S60 that is composed of AsS3/2 pyra
mids forming layers or sheets with minimal, if any, sulfur chains. The 
AsS3/2 pyramidal units are responsible for the increased connectivity 
and <r>, ultimately leading to an increased THz refractive index value. 
Arsenic itself has a larger polarizability than sulfur, supporting the 
premise of increasing THz refractive index values with increasing 
arsenic content. The maximum 1.0 THz refractive index value of studied 
As-S glasses occurs for As40S60, which has an <r> = 2.4 and optimally 
constrained network. The pristine and laser irradiated refractive index 
trend observed at 1.0 THz continues throughout the THz regime from 
0.2 up to 1.0 THz, visible in Fig. 9 (a). This experimental THz refractive 
index data supports the premise that the refractive index is at a 
maximum for arsenic sulfide glasses with <r> = 2.4, occurring at 
As40S60. Laser irradiated regions of As-Se glasses have minimal 
measurable THz refractive indices changes, with As15S85 and As25S75 
showing the largest laser induced refractive index changes, suggesting 

Fig. 7. (a) Refractive index of pristine (solid) and laser irradiated (dashed) As40S60 and As40Se60 from 0.2 to 1.0 THz measured at AU (black) and NIST (red) and (b) 
percent error for n(THz) of pristine (solid) and laser irradiated (hollow) As-S (black) and As-Se (red) glasses as a function of composition <r>. 

Fig. 8. Vitreous Se refractive index from 0.2 to 2.0 THz, average of five 
collected spectra. Oscillations below 1.0 THz arise from the etalon effect as 
previously discussed. 

Fig. 9. (a) As-S, (b) As-Se, and (c) Ge-Se series refractive index from 0.2 to 1.0 or 0.2 to 2.0 THz, average of five collected spectra, pristine and laser irradiated spectra 
are solid and dashed lines, respectively. In (c) oscillations below 1.0 THz arise from the etalon effect as previously discussed. 

Nicholas J. Tostanoski et al.                                                                                                                                                                                                                  



Journal of Non-Crystalline Solids 600 (2023) 122020

11

studied laser conditions have little to no impact on the structure and THz 
refractive indices. Photodarkening was observed for all As-S glasses due 
to laser irradiation, that was for the most part, reversed qualitatively 
back to the original state with time. 

Observed 1.0 THz refractive index values reflect structural and 
polymerization changes from a Se- to As-rich glass network, supported 
by the Raman spectra data. Refractive index values see an initial in
crease as polymerization of the glass network occurs up until the stoi
chiometric composition and subsequent reduction with further 
depolymerization as <r> increases. Where addition of arsenic results in 
formation of AsSe3/2 pyramidal units, among other structural units, 
connecting the glass network and shortening selenium chains. The 
arsenic selenide glasses have a maximum THz refractive index value 
occurring for the stoichiometric composition of As40Se60 with <r> =

2.4, which is defined as an optimally constrained network. The low and 
high <r> sides represent Se- and As-rich glass networks with under- and 
over-constrained networks, respectively, and are associated with 
changes in refractive index values, found in Fig. 6 (a). Where the Se-rich 
glass network consists of long selenium chains cross linked by the few 
AsSe3/2 pyramids. At the stoichiometric composition of As40Se60 the 
glass network is composed of AsSe3/2 pyramids forming layers or sheets, 
with reduced quantities, if any, of selenium chains. Further introduction 
of arsenic beyond As40Se60 reflects an As-rich glass network, consisting 
of questionable quantities, if any, of reduced/shortened selenium chains 
cross linked by AsSe3/2 pyramids. The glass network is dominated by 
As4Se4 and As4Se3 cages, with increased As-As linkages and reduced 
dimensionality and connectivity results in a decreased THz refractive 
index. The 1.0 THz pristine and laser irradiated refractive index trend is 
consistent throughout the THz regime from 0.2 to 1.0 THz, as seen in 
Fig. 9 (b). As-Se experimental data supports the previously discussed 
maximum THz refractive index values occurring for <r> = 2.4. Vitreous 
Se falls in line with the measured As-Se THz refractive indices, serving as 
the minimum of the binary series. It is suspected that vitreous Se would 
follow this trend, as introduction of As results in conversion into the 
binary series. Irradiated As-Se glasses measure slight changes in 
measurable THz refractive indices changes, with As20Se80 and As30Se70 
measuring the highest laser induced refractive index changes, confirm
ing studied laser conditions have minimal structure and THz property 
changes. As-Se glasses showed the same reversible photodarkening ef
fects with time, as those observed in As-S glasses, due to laser exposure. 

Ge-Se binary glasses have observable Raman spectral changes as 
germanium content replaces selenium content, suggesting initial poly
merization, e.g., increased dimensionality and connectivity, of the glass 
network from Ge10Se90 up until the stoichiometric composition of 
Ge33Se67, beyond this the glass networks reflect a reduction in dimen
sionality and connectivity for the Ge40Se60 composition. Structural 
changes are due to increased populations of four-fold coordinated 
GeSe4/2 tetrahedra that shorten selenium chains. Beyond the stoichio
metric composition formation of 1-dimensional ethane-like (Ch3)Ge-Ge 
(Ch3) unit occurs, reducing the dimensionality of the glass network, with 
Ge-Ge homopolar bonds. Increased quantity of GeSe4/2 tetrahedra lead 
to a concurrently higher measurable THz refractive index within the 
measured bandwidth. Ge-Se compositions have a systematic increase in 
<r> from 2.2 to 2.8, where the refractive index increases beyond <r> =

2.4. This trend, i.e., increase in THz refractive index beyond <r> = 2.4, 
is not observed for other binary As-S and As-Se chalcogenide glasses 
studied, due to the formation of four-fold coordinated GeSe4/2 tetra
hedra and transformation into GeSe3/2 tetrahedra with Ge-Ge homo
polar bonds within the ethane-like (Ch3)Ge-Ge(Ch3) units at increased 
Ge content of Ge40Se60. Ge40Se60 records the maximum refractive index 
in the THz bandwidth of the studied Ge-Se compositions, possessing an 
<r> = 2.8 and therefore the highest bonding constraint with an over- 
constrained network of all studied systems, as reported in Fig. 9 (c). 
Increased germanium content with Ge40Se60 has the largest quantity of 
GeSe3/2 tetrahedra and homopolar Ge-Ge bonds. Interestingly, this in
crease in THz refractive index with increasing Ge content and <r> is not 

observed and measured with IR refractive index, where addition of Ge 
results in lower measurable refractive index values. One explanation for 
the observed refractive index trends at THz frequencies would be due to 
the Ge-Ge homopolar bonds and ethane-like units possessing increased 
ionic contribution to polarizability and therefore refractive index at THz 
frequencies. THz refractive index of vitreous Se agrees with that of Ge- 
Se, serving as a minimum when concurrently examined with the bi
nary series. 

3.2.4. Ternary-Ge-As-Se 
Experimentally produced and commercially available Ge-As-Se glass 

refractive index from 0.2 to 2.0 and 0.2 to 1.5 THz are presented in 
Fig. 10 (a) and (b), respectively, and 1.0 THz refractive index values 
trends are shown in Fig. 6 (a). Gradual substitution of Ge or As content in 
place of Se content results in a gradual increase in <r>, with subsequent 
further introduction of GeSe4/2 and AsSe3/2 structure units increase the 
connectivity and dimensionality, and thus polymerization of the glass 
network. Higher and subsequent reduction in measurable THz refractive 
index values are observed for increasing <r> up until and then beyond 
2.5, respectively. Ge10As30Se60 has the highest measurable terahertz 
refractive index of the studied Ge-As-Se series. Individual examination 
of tie-lines allows for elucidation of observed structural and THz trends 
for ternary Ge-As-Se glasses, including the iso-arsenic, iso-germanium, 
and iso-selenium tie-lines. 

The iso-arsenic tie-line, reflected through the composition evolution 
of Ge10As10Se80 (<r> = 2.3) to Ge20As10Se70 (<r> = 2.5) to 
Ge30As10Se60 (<r> = 2.7), has an initial increase and subsequent 
reduction in measured terahertz refractive index, with a maximum for 
<r> = 2.5. The maximum n(THz) is observed with an increase in Ge 
content with subsequent increase in <r> is reflected through formation 
of additional GeSe4/2 tetrahedra and reduced Se chains. AsSe3/2 pyramid 
Raman signal is more easily identifiable with reduced Se chains, with 
minimal population changes. The reduction beyond <r> = 2.5 can be 
attributed to homopolar Ge-Ge bonds as Ge content and GeSe3/2 tetra
hedra populations increase, ultimately resulting in lower measured n 
(THz) and over-constrained network. 

Iso-germanium tie-line, Ge10As10Se80 (<r> = 2.30) to Ge10As20Se70 
(<r> = 2.4) to Ge10As30Se60 (<r> = 2.5), has increasing n(THz) with 
<r>, reaching a maximum at <r> = 2.5. Increased quantities of AsSe3/2 
pyramids and As4Se3 cages is reflected with subsequent increase in n 
(THz). GeSe4/2 tetrahedra have minimal quantity shifts, still observed in 
the Raman spectra. Meanwhile Se chains show reduced Raman signal, 
reflecting less quantities of chains. Interestingly, the highest measurable 
n(THz) does not occur for <r> = 2.4. Instead, the highest n(THz) is seen 
for the over-constrained network at <r> = 2.5, suggesting reduced 
quantities of GeSe4/2 tetrahedra with absent Ge-Ge homopolar bonds 
seen in Ge-rich glasses and increased AsSe3/2 pyramids promote larger n 
(THz) values. 

Ge-As-Se glass of the iso-selenium tie-line of Se = 70 %, seen with 
compositional transformation of Ge10As20Se70 (<r> = 2.4) to 
Ge20As10Se70 (<r> = 2.5), has a gradual reduction in measurable n 
(THz). It is suggested through examination of Raman spectra, this n 
(THz) trend is due to reduction of AsSe3/2 pyramids and As4Se3 cages 
with concurrent quantity increase in GeSe4/2 tetrahedra. An over- 
constrained network has a lower n(THz) than an optimally con
strained network. Reviewing the Se = 60 % iso-selenium tie line, i.e., 
Ge10As30Se60 (<r> = 2.5) to Ge20As20Se60 (<r> = 2.6) to Ge30As10Se60 
(<r> = 2.7), follows the same trend. Progressive introduction of further 
Ge in place of As has an overarching reduction in measurable n(THz). 
Trends observable in Raman spectra provide an explanation. Increased 
Ge content has identifiable growth in Ge Raman signal including GeSe4/2 
and GeSe3/2 tetrahedra and preferential homopolar Ge-Ge bonding, 
while reducing quantities of AsSe3/2 pyramids and As4Se3 cages is ulti
mately responsible for lower n(THz) values across the tie-line. Contin
uously increasing <r> suggest an additional over-constrained glass 
network and bonding constraints placed on the system, supported 
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through formation of Ge-Ge homopolar bonds, resulting in lower n 
(THz). 

Commercial Ge-As-Se glasses are divided into Ge-rich AMTIR-1 and 
IRG 22, of the same composition (Ge33As12Se55), and As-rich IRG 24 
(Ge10As40Se50) compositions. Ge-rich glasses Raman spectra reflect 
increased quantities of GeSe4/2 tetrahedra with preferential Ge-Ge ho
mopolar bonds, while containing AsSe3/2 pyramids and Se chains in 
reduced quantities. Reported measured n(THz) values show slight in
crease with frequency, suggesting measurable dispersion. As-rich glass 
Raman spectra reflect a glass network consisting primarily of AsS3/2 
pyramids, As4Se3 cages, and GeSe4/2 tetrahedra, with reduced Se chains. 
Measured n(THz) value have a slight decrease with increasing fre
quency. Both commercially produced Ge-As-Se glasses have minimal 
dispersion across the measured bandwidth. 

3.2.5. LWIR-THz refractive index correlation in As-S, As-Se, Ge-Se, and 
Ge-As-Se glasses 

Specific chalcogenide glass family and larger all-encompassing 
chalcogenide correlations between the refractive index at IR, e.g., 10 
μm, and THz, e.g., 1.0 THz, frequencies allow for estimation of the 
refractive index at one frequency, if the other is known. Additionally, if 
structural correlations exist at defined frequency, e.g., structure-THz 
relationship with refractive index at 1.0 THz, allows for further as
sumptions and determinations to be made of the refractive index at long- 
wave infrared frequencies or vice versa. If a chalcogenide glass has a 
known 1.0 THz refractive index it can be correlated to both glass 
structure and refractive index at IR frequencies, all of which are critical 
pieces of information for industrial and consumer applications. Litera
ture reported 10 μm and AU measured 1.0 THz refractive index values 
are used for this correlation. Fig. 11 (a) shows the long-wave IR-THz 
refractive index correlation. 

Linear IR-THz refractive index correlations are easily identified for 
As-S, As-Se, and iso-Ge and iso-Se (60 and 70 %) Ge-As-Se glasses. De
viation in linear IR-THz refractive index correlation occurs for both Ge- 
Se and iso-As Ge-As-Se glasses. Deviation in refractive index correlations 
is attributed to preferential Ge-Ge homopolar bond found at increased 
Ge containing glasses with significant quantities of GeSe4 tetrahedra. 

Both As-S and As-Se glasses show a clear monotonic increase in THz 
refractive index with an increase in IR refractive index. Unsurprisingly, 
the As-Se glasses have a higher measurable THz and IR refractive indices 
than As-S glasses. 

Anomalous behavior seen for Ge-Se glass system in the IR region is 
observed within the IR-THz refractive index correlation. Below the 

stoichiometric composition of Ge33Se67, Ge-Se glasses show an increase 
in THz refractive index with reduction in long-wave IR refractive index 
as Ge content increases from Ge10Se90 to Ge20Se80 to Ge30Se70, sug
gesting a linear trend. However, above the stoichiometric composition 
at Ge40Se60 the long-wave IR refractive index has a dramatic increase. 
Interestingly, the THz refractive index increases with Ge content, not 
following trends observed at IR frequencies. This behavior is attributed 
to transformation of GeSe4/2 into GeSe3/2 tetrahedra possessing an 
increased ionic contribution to the total polarizability at THz fre
quencies resulting in higher refractive indices as Ge content increases, 
where this ionic contribution is not active, or contributing, to the total 
polarizability and refractive indices at IR frequencies, resulting in 
reduced IR refractive indices when compared to THz refractive indices. 
Further, it is suggested Ge-Ge homopolar bonds in ethane-like units have 
an even more significant ionic contribution to the total polarizability 
and refractive indices, as both IR and THz refractive indices increase 
beyond the stoichiometric composition with observation of (Ch3)Ge-Ge 
(Ch3) units. 

Concurrent examination of the linear trends seen for both the initial 
Ge-Se glasses below the stoichiometric composition and the As-Se 
glasses allows for determination of the expected vitreous Se location. 
The intersections of both trendlines are as expected, ultimately serving 
as a minimum between the two series. This is confirmed based on THz 
refractive index information, discussed previously, where vitreous Se 
serves as the minimum position of both As-Se and Ge-Se glass series with 
reduced <r>. 

Fig. 11 (b) shows the difference between the refractive index, Δn, in 
the THz and IR regions, n(THz)-n(IR), in the Ge-As-Se family across the 
ternary space. Difference in refractive index is interpreted to be due to 
the ionic contribution to the total polarizability, refractive index, and 
dielectric constant at THz frequencies. Within the ternary diagram the 
Δn increases with addition of As or Ge content and removal of Se as 
formation of AsSe3/2 pyramids and GeSe4/2 tetrahedral structural units 
occurs, in turn reflecting an increase in <r> and increase in ionic 
contribution with the presence of higher coordinated structural units. 
Fig. 11 (c) shows As-S, As-Se, Ge-Se, and Ge-As-Se glass families 
refractive index difference at THz (0.5 THz) and IR (10 μm) frequencies 
as a function of <r>. All binary and ternary families studied show a 
higher Δn with <r>, suggesting formation of AsCh3/2 pyramids and 
GeSe4/2 tetrahedra increase the ionic contribution to the refractive index 
at THz frequencies relative to IR frequencies. Ge-As-Se family of com
positions show distinct regions of increased Δn at reduced Se content 
(60 %) corresponding to significant (30 %) or lack (0 %) of As content. 

Fig. 10. (a) Experimental and (b) commercial Ge-As-Se series refractive index from 0.2 to 2.0 and 0.2 to 1.5 THz, respectively, average of five collected spectra. In (a) 
oscillations below 1.0 THz arise from the etalon effect as previously discussed. 
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The significant As containing Ge-As-Se composition of Ge10As30Se60 
with <r> of 2.5 and binary Ge40Se60 (0 % As) with <r> of 2.8 show the 
highest measured Δn, where As10Se90 with <r> of 2.1 measure the 
lowest Δn. The As-S and As-Se families follows the same trends where 
As40S60 and As40Se60 with <r> of 2.4 records the highest Δn of each 
binary series. 

4. Conclusions 

Our results support structure-terahertz property relationship within 
the chalcogenide glass family, where the THz refractive index is ulti
mately controlled by <r> and, therefore, elemental composition across 

various chalcogenide glass systems. As-S and As-Se binary glasses have 
the highest measurable THz refractive index value at <r> = 2.4. Ge-Se 
binary glasses measure increased THz refractive index as <r> increases, 
ultimately reaching the maximum for <r> = 2.8. Evaluation of THz-TDS 
results of As-S and As-Se glasses measured at AU and NIST for both 
pristine and laser exposed regions match within δ < 1 %, except laser 
exposed As20Se80 which gave a 1.61 % index change. Ternary Ge-As-Se 
glasses has a maximum measured THz refractive index value at <r> =

2.5, for the Ge10As30Se60 composition. Femtosecond laser irradiation of 
As-S and As-Se glasses at 800 nm with a low-repetition rate resulted in 
minimal structural and THz refractive index values changes. Long-wave 
IR-THz refractive index correlations in all studied chalcogenide glasses 

Fig. 11. (a) As-S, As-Se, Ge-Se, and Ge-As-Se LWIR-THz refractive index correlation, (b) Ge-As-Se Δn, Δn = n(THz) − n(IR), ternary diagram, and (c) As-S, As-Se, Ge- 
Se, and Ge-As-Se Δn as a function of <r>. 
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show promise for predicting optical properties for integrated THz pho
tonics and potentially dual-mode (LWIR-THz) applications. 
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