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Abstract

A novel family of Ga,S3—Sh,S;—XI1 (X1=Pbl,, Csl, Agl) was investigated to understand the
role of metal halides and exploit new chalco-halide glasses for infrared optics. The
dependence of the thermal properties, infrared optical properties, and structural information
of the novel family on different metal—-iodines was investigated. Results showed that metal
halides increase the glass stability but decrease the glass network connectivity. The
compositional dependence of the short-wave cut-off edge is associated with the
electronegativity difference between the cations and anions of the metal halides. Raman study
showed that the metal-iodine modified the glass structure mainly through the iodide content,
and the cations dissolved in the glass network mostly as charge compensators for the
aperiodic network. For the glasses in the series Ga;Ss—Sh,Ss—X1-Dy**, Dy** emission
increased in the Pbl,- and Csl-doped glasses but decreased in the Agl-doped glass due to the
combined effect of dysprosium and oxygen. For all that, these novel glasses are highly

promised for use in infrared optics.
1| INTRODUCTION

Chalcogenide glasses and halide glasses are famous as infrared optical materials and have
received great interest in their passive applications for few years.™™ These glasses also
possess low phonon energies, low multiphonon relaxation tendency, and large third-order
nonlinear susceptibility 3 which can be used in integrated optoelectronic devices. As such,
the glasses have recently attracted increased attention to their active applications, such as
laser hosts and nonlinear optical devices.* ° However, some imminent defects of
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chalcogenide and halide glasses limit their practical applications. Chalcogenide glasses
present relatively good chemical and thermal stabilities, as well as high glass transition
temperatures, which allow high working temperatures. Even so, the mechanical properties are
generally poor.® Meanwhile, halide glasses involve low optical loss and require low glass
transition temperatures but suffer from poor chemical stability and high crystallization
tendency.’ Therefore, preparing chalcohalide glass was proposed to overcome the
shortcomings of both components while retaining the above-mentioned advantages. Several
studies suggest that introducing elemental halogen (of low melting temperature and large
polarizability) into chalcogenide glass can increase the glass packing density, avoid glass
devitrification, and thus greatly improve the glass-forming ability.® ° Among these
chalcogenide systems, glasses from the Ge- or As-based glasses are most investigated in
terms of their structural relationship with added metal halides.’®** The iodide and metals in
metal—-iodines, such as Pbl,, Agl, and Csl, are both highly polarizable elements. Thus,
metal—iodines can obtain a high second-order or third-order nonlinearity.** Recently, a novel
chalcogenide glass system Ga—Sh—S was developed by Zhang et al.*>*" This glass system
exhibits a much lower phonon energy than those of Ge- or As-based glasses.’” Nevertheless,
no work has comprehensively studied the influence of metal halides on the structure and

properties of Ga—Sb-S chalcogenide glasses.

In the present study, the novel glass systems of Ga—Sb—-S—XI (XI1=Pbl,, Csl, Agl) were
prepared, and the compositional dependence of the optical properties of the glass systems was
assessed. Given the investigation of the thermal stability, absorption spectra, and infrared

spectra of the glass system, the optic effects of metal-iodine on the Ga—Sbh-S glasses were
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discussed systematically. Moreover, considering the metal halide effect on the existing
chalcogenide glass systems, this work offers additional candidate materials for infrared

applications.
2 | EXPERIMENTAL PROCEDURE

Bulk glasses of the nominal compositions 20Ga,S;—80Sh,S; (GSS),
(20Ga,S3-80Sh,S3)0.8(X1)o.2 (XI=Pbl,, Csl, Agl, denoted as GP, GC, and GA respectively)
and (20Ga,S3-80Sb,S3)0.s(X1)0.2—0.1wt%Dy** (XI1=Pbl,, Csl, Agl) were prepared in a silica
tube under vacuum (10~ mbar). In this process, high-purity raw materials Ga, Sb, S
(99.999%), Csl, Agl, Pbl,, and Dy,S3 (99.99%) were used. The starting materials were placed
in the same silica tube, which was then sealed under vacuum to give a silica ampule of 10
mm diameter and 10 cm length where the glass batch was melted. For melting, the ampule
was placed in a tipping furnace and progressively heated from room temperature to the
refining temperature of 850 °C at the heating rate of 1.5 °C/min. The melt was homogenized
at 850 °C for 16 h, slowly cooled at 650 °C, and maintained at this temperature for 2 h to
obtain the vapor condensation present in the ampule. The batch was quenched in water to
allow glass formation and avoid crystallization. Afterward, the vitreous sample was annealed
at 20 °C below its glass transition temperature for 5h to relax the internal mechanical stress
induced by the quenching process. Finally, the annealed glasses were sliced (@10 mmx2 mm)

and then polished to mirror smoothness.
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The samples were analyzed by X-ray diffraction (XRD) to confirm the glassy state. XRD
measurements of the powder sample were performed using a Germany Bruker D2
diffractometer. The diffraction patterns were scanned over the 20 range of 10°-70° in 0.1°
steps. The glass temperature (Tg) and crystallization temperature (Tx) were measured for the
different samples by using a TA Instrument differential scanning calorimeter (DSC Q2000) at
the heating rate of 10 °C/min between room temperature and 400 °C. The error of the
characteristic temperatures was about + 1°C. A Perkin—Elmer Lambda 950 UV/VIS/NIR
spectrophotometer was used to analyze the Vis—NIR transmission spectra of the glass
samples. Meanwhile, a Nicolet 380 Fourier IR spectrophotometer was employed obtain the
infrared transmission spectra within the range of 2-16 pum. The PL in the infrared region was

measured using an FLS 980 fluorescence spectrometer with an 808-nm laser diode excitation.

3| RESULTS AND DISCUSSION

In this study, 20 mol% Pbl, Csl, and Agl were introduced into the Ga—Sb-S glass system.
Owing to the prepared glasses are black and opaque in the visible region, they could not be
visually examined. XRD was hence used to determine the amorphous state of glasses. No
distinct peak corresponding to any crystalline phase can be seen in the diffraction patterns
(Figure 1) indicating that all the samples keep the amorphous state. In addition, the small
halos at the low diffraction angle in the diffractograms of the bulk materials are due to the
polymeric nature of the materials, corresponding to S related polymeric rings. The size of this

halo is affected by factors such as the preparation technique, mixing in the bulk material, etc.
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Figure 2 shows the DSC curves for the glass samples, whereas Table | summarizes
important macroscopic data, such as the Ty and the Ty. The metal-iodine addition into the
GSS base glass considerably decreased the Tg. Ty is usually associated with the degree of
glass network cross-linking.*® Hence, adding the network terminating atom I, which is a
nonbridging atom (unlike the bridging sulfur atoms), decreases the glass network
connectivity and opens the glass network further. Therefore, the T, decreases with iodine
addition. Actually, iodide has been reported to dissociate glass networks in other

chalcogenide glasses.® ' *°

The criterion AT (difference between Ty and Tg) is known as a
critical parameter evaluating the thermal stability and fiber-drawing ability of a glass. Glass
with AT>100 °C could generally be drawn into fibers. The glasses in this system possess AT
higher than 100 °C thus show potential application in being drawn as fibers. Moreover, the
thermal stability criterion of H,=AT/Tj is also used to evaluate the thermal stability of these
glasses.?’ Table | reveals that the thermal stability of the glasses can be effectively enhanced
by adding metal halides. Generally, introducing iodide into the GSS glass progressively
breaks Ga—S bonds forming [GaS,] or [GaS,—lx] tetrahedra; the formation of this complex
tetrahedral is assumed to favor glass formation. The iodide content for the GP is the highest;
hence, the GP contains the most number of [GaS,] or [GaS,«lx] tetrahedral structural units
(s.u.) among these glasses. This result also implies that the thermal stability against

devitrification for GP is considerably high. However, the structures of the studied glasses

must first be analyzed to confirm the above-mentioned findings.
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The Vis—-NIR transmission spectra for the glasses containing different metal-iodines are
presented in the 600-850 nm region (Figure 3) and reveal the dependence of the short-wave
cut-off edge (Avis) on the harbored metal halide. In particular, the Ayis shifts to a shorter
wavelength when the metal halide was Csl, but to a longer wavelength for Agl. By contrast,
the Ayis is nearly constant for Pbl; in the pseudo-ternary Ga—Sh-S glass system. This
observation is consistent with the relation of the glasses’ short-wave absorption edge to the
electrical transition between the valence band and conduction band. Therefore, adding anions
I with similar electronegativities but larger ionic radii than that of sulfur can lead to Ais blue
shift due to band gap broadening caused by the large ionic radius. By contrast, addition of
cations with high polarizability can lead to Ayis red shifts. Given these two factors, the Ayis
pattern of the chalco-halide glasses cannot be explained clearly. Herein, the electronegativity
difference of the anions and cations is introduced to clarify the phenomenon. In a previous
work of F. Di Quarto et al.,%* optical band gap values were positively correlated with the
electronegativity difference between anion and cation in the traditional Pauling’s scale. The
electronegativity differences of Pb—I, Ag-I, and Cs—I are 0.33, 0.73, and 1.87, respectively.
The electronegativities of the Pb and Ag ions are close to that of | and result in a small
difference between the cations and anions. For the Csl-modified sample, the electronegativity
difference of | and Cs is large. Given the above-mentioned argument, we understand that the

red shift effect of Pb and Ag in samples is more pronounced than that of Cs.

The optical band gap Eop: is obtained by extrapolating the linear portion of the curve to
the photon energy ho axis. Figure 4 also depicts the plots of (oc(oa)hm)ll2 and ((1(0))1’1(0)2 as

functions of hw in eV for directly allowed and indirectly allowed transitions. The measured
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indirect optical band gaps of the glass system are 1.6846 (GA), 1.7374 (GP), 1.7535 (GSS),
1.8389 (GC), respectively, the direct optical band are 1.7714 (GA), 1.8070 (GP), 1.8172
(GSS), 1.9082 (GC), respectively. The variations in the direct and indirect optical band gaps
coincide with the influence of the metal-iodine on the Vis—NIR transmission spectra. In the
chalcogenide glasses, the valence band is composed of lone pair electrons, whereas the
conduction band is composed of empty orbits. Adding low-electronegativity atoms into the
glass matrix increases the energy of the lone pair electrons and in turn expands the valence
band width.?* Therefore, adding the highly electronegative I and low-polarizability Cs* in the
glass network broadens the width of the forbidden band and consequently increases the
optical band gap.*® For the Pbl,-modified sample, the loose electronic shell and 6s* outermost
electron attain a relatively large UV-cutoff edge, which then decreases the optical band gap,*
while the highly electronegative anion | broaden the band gap, these two factors resulted in
the formation of an almost constant optical band gap. By contrast, the average bond strength
of the compound decreases substantially in the Agl-doped sample when the Sh-S, Ga-S, and
S-S bonds were replaced by the lower-energy Ag-S bond.? This effect suggests that the
decrease in average bond strength of the compound decreases the average gap. Hence,

increasing the Ag—S content weakens the bond strength and reduces the optical band.

As infrared-transmitting materials, the prepared glasses were analyzed for their optical
transmission spectra (Figure 5). With metal halide addition, the transparency region
maintained a good transmission from 2.5 um to the multiphonon processes at 14 um. Thus,
the glasses possess optical properties suitable for infrared transmission. With compositional

changes, the transmission percentages increased for Agl and Pbl,, but decreased for Csl, in
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the pseudo-ternary Ga—Sh-S glass system. The absorption band at about 4.10 um, which is
the strongest spectral peak, is assigned to S—H vibrations. The minor absorption bands at
about 2.92-3.25 pm are assigned to the stretch modes of OH hydroxyl groups, whereas that at
6.31 um is assigned to H,O molecular vibration. Meanwhile, the band at 9.71 um belongs to
Sh-O bond vibration.?* These impurities originate from the surface oxidation of raw elements
and the hydroxide contamination during glass preparation. The impurity absorption bands
strengthen with Agl addition under —OH and S—H absorption because of the hygroscopic
property.?® Heavy-metal halides are generally more stable against oxidation than Sb, Ga, and
S. Thus, the absorption band of Sb—O is strong in the GA for the glass containing numerous

26, 27

oxygen atoms. Purification technology IS necessary to eliminate the impurities that would

influence infrared optical material applications, such as thermal imaging.

To study the effect of different metal-iodines on the structure of GSS glass, the reduced
Raman spectra of the metal-iodines doped glasses and base glass are investigated, these
spectra are then deconvoluted into a series of Gaussian sub-bands as shown in Figure 6. The
assignments of Raman shift of GSS glass are summarized in Table 2. Meanwhile, in the GSS
glass, given the formation of [GaS,] tetrahedra (S/Ga=2), [S;Ga—GaS;] ethane-like units
(s.u.) (S/Ga=2/3) were mainly formed instead of [GaS,] tetrahedra to alleviate the shortage of

sulfur atoms.

When Csl, Agl, and Pbl, were added, the Raman vibrations were modified. As shown in
the Figure 6, firstly, owing to the Ga-1 bond would preferentially form compared with Ga-S,

the Ga-Ga bond in the ethane-like subunits of [S;Ga-GaS3] is gradually converted into
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[GaS,Iy] mixed s.u. and lead to the peak at about 265 cm™* shrink in intensity.
Theoretically, the Raman shift of [GaS,.«lx] unit is lower than that of [GaS,4] unit according to
the theory of molecular vibration.** However, according to the research of H. Guo,* the
Raman shift of mixture [GaS,—Ix] and [GaS4] almost unchanged compared to that of single
[GaS,] structural unit which ascribed to 342 cm™, this phenomenon is coincide with the
reduced Raman spectra as shown in Figure 6. Thus, the Raman shift of [GaS,.«lx] is almost
the same with [GaS,] unit at about 342 cm ™, and the formation of [GaS,_l,] unit enhanced
the peak at about 342 cm™ as shown in Figure 6. Secondly, for GP, its contains the most of
iodide, the broad overlapping peak at 300 cm ™ shifts distinctly toward a higher wavenumber
at about 308 cm* due to decreased peak at 265 cm * and increased peak at 342 cm . Finally,
the Raman shift peak ascribed to X is not found in Figure 6; this absence may be attributed
to the dissolution of Ag*, Cs*, and Pb?* in the glass network only as charge compensators for
the aperiodic network. The interpretation of the Ty results (Table 1) is also confirmed by the

above analysis.

Given the low phonon energy of [GaS,—lx] and the beneficial properties of GSS-XI
(XI=Pbl,, Agl, Csl), the glass holds considerable potential as a RE-doped glassy matrix
material that can emit NIR and mid-infrared (MIR) light. The luminescence characteristics of
GSS-XI (XI=Pbl,, Agl, Csl) glasses were investigated. Figure 7(a) shows the emission
spectra of Dy**/metal—iodine co-doped GSS glasses from 1200 nm to 3250 nm, where the
Dy** doping content was 0.1 wt% upon 808 nm laser excitation. Three significant emission
bands at 1.33, 1.75, and 2.88 um are displayed in the spectra. These emission bands can be

assigned to the transitions (6H9/2+6F11/2)—>6H15/2, 6H11/2—>6H15/2, and 6H13/2—>6H15/2,
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respectively. Compared with GSS, much enhancement near infrared and MIR luminescence
was realized for GP and GC, but the luminescence intensity decreased for GA. Given the
above analysis, GA acquired a poorer connectivity and thermal stability than those of GC and
GP and contained more oxygen atoms. In previous studies by Z. Tang® and Y. Cheng,**
dysprosium was more electropositive than other elements in the chalcogenide formulation
and tended to react with the oxide contamination in the glass melt to form dysprosium oxide.
These oxides tend to be insoluble in the chalcogenide glass melt and may induce
crystallization through the glass forming process and consequently reduce the emission
intensity of Ag*/Dy** co-doped glass. The luminescence of GP is more enhanced than that of
GC. Raman study showed that the content of [GaS,—«Ix] mixed tetrahedra-like s.u. increased
with iodide concentration in the glass matrix. Apparently, the [GaS,«lx] mixed tetrahedra-like
s.u. content followed the order of GSS<GC<GP. The [GaS,—Ix] mixed tetrahedral-like s.u.
also possess a lower phonon energy than that of the [GaS,] s.u. and the lower phonon energy
of [GaS..l,] contribute the emission of Dy** ions. According to previous works,* %
positively charged RE ions preferably rest in these sites as charge compensators and enhance
the luminescence through reduced multiphonon relaxation. Thus, the luminescence intensity

followed the order of GSS<GC<GP. Overall, Dy** emission is highly sensitive to the local

chemical environment of the Dy*" ions embedded in these metal—iodine-modified glasses.
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4 | CONCLUSIONS

In this paper, we report the evolution of novel chalco-halide glasses Ga;S3—Sh,S3;—XI (XI=
Pbl,, Csl, Agl). Metal halide addition decreased the glass network connectivity and increased
the thermal stability. The movement tendency of the short wavelength absorption edge was
supposedly related to the electronegativity difference between cations and anions of metal
halides. However, the cations of the metal-iodine only dissolved into the glass network as
charge compensators for the aperiodic network, as revealed by Raman study. For the
Dy**-doped GP and GC, intense luminescence was realized for the iodide-modified glasses
due to the dissociation of Ga—Ga metal bonds convert into [GaS4—lx] mixed tetrahedra-like
s.u. These latter units provide a lower phonon energy and better chemical environment for
Dy**. This study offered a comprehensive explanation of the role of metal halides in
chalco-halide glass, which are confirmed as good candidates for use in lasers and

higher-luminescence sources in the NIR and MIR regions.
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Figure Captions
Figure 1. XRD patterns of GSS glass and XI (XI=Pbl,, Csl, Agl) doped GSS glasses.
Figure 2. DSC measurement of GSS glass and XI (XI=Pbl,, Csl, Agl) doped GSS glasses.

Figure 3. Vis-NIR transmission spectra for GSS glass and X1 (X1=Pbl,, Csl, Agl) doped GSS

glasses.

1/2

Figure 4. Relationship between (a(m)h(o)z, (achw)™ and ho for glass samples.

Figure 5. Infrared transmission spectra of GSS glass and X1 (XI=Pbl,, Csl, Agl) doped GSS

glasses.

Figure 6. Reduced Raman spectra of GSS glass and X1 (XI=Pbl,, Csl, Agl) doped GSS

glasses.

Figure 7. (a) Emission spectra of GSS glass and XI (XI=Pbl,, Csl, Agl) doped GSS glasses

being pumped by 808 nm. (b) Energy levels and transitions of Dy*".
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Table

TABLE 1. Thermal parameters of glass samples.

Glass samples  T4(C) T4(C) AT(C) Huw

GSS 246.9 357.6 110.7 0.45

GC 232.8 363.2 130.4 0.56

GA 217.2 332.6 115.5 0.53

GP 219.5 405.3 185.8 0.85
TABLE 2. Assignments of Raman shift of the GSS glass.
Raman shift (cm™) Assignments Refs.
265cm* [S3Ga—GaSs] 28
290 cm™ [SbS3] pyramids 15,28
314cm™ [SbSs] pyramids 15,30
342 cm™ Corner—sharing [GaS,] tetrahedra 15.28,29
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