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Abstract

This project is closely linked to the Fulbright Scholarship awarded to Prof Ravi Jain (co-PI of
this project) at the University of New Mexico to undertake research in the PI Prof Heike
Ebendorff-Heidepriem’s group in the Institute for Photonics and Advanced Sensing (IPAS) at
the University of Adelaide in Nov 2019 - May 2020. The joint objective of this project and the
Fulbright Scholarship project is to collaboratively develop advanced glass materials at IPAS
(at the University of Adelaide) for novel fiber laser and microlaser applications. The specific
aim of this AOARD project (# FA2386-20-1-4001) is the fast-track evaluation of the survival
of luminescent ZnSe microcrystals incorporated into “soft” MIR transparent glasses to develop
novel class of hybrid materials composed of transition-metal doped semiconductor crystals
embedded in glass for broad-band mid-infrared fiber laser and microlaser systems.

The project investigated various low melting point oxide glasses such as lead-silicate, tellurite
and sodium germanate and different techniques — such as interface doping and melt doping —
for embedding microcrystals in appropriate glasses. ZnSe was selected as the crystal for the
initial fast-track evaluation, since transition-metal doped bulk ZnSe crystals have proven to be
very attractive mid-infrared laser materials. Undoped semiconductor ZnSe microcrystals show
a characteristic “band-edge” blue-green fluorescence, which is helpful to probe the survival of
ZnSe in glass. The high refractive index and micron-sized dimensions of the ZnSe crystalllites
allowed the use of optical microscopy for identification of the ZnSe microcrystals embedded
in glass. Optical and confocal fluorescence microscopy investigations — using 405 nm
excitation — of the various samples indicated that ZnSe microcrystals can survive in glass when
the doping temperature is at a viscosity of approximately 10! dPa-s (honey-like viscosity) or
larger. Sodium germanate glasses were found to be an ideal model glass system for studying
the embedding of ZnSe in oxide glass, especially since this glass showed minimal background
fluorescence at the excitation wavelength of 405 nm of the ZnSe fluorescence. The low
background fluorescence allowed observation of fluorescence in the wavelength range of 620-
850 nm with peak position up to 740 nm (presumably from defects and/or different
environment) in ZnSe particles embedded in germanate glass samples. The key outcome of this
project is advancement in understanding of the physicochemical properties and the suitability
of developing hybrid crystal-in-glass composites, laying a solid foundation for future
development of hybrid optical glasses for novel broadband laser sources in the visible and mid-
infrared spectral ranges.
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1. Introduction

High-beam-quality and high-power mid-IR light sources in the 3-5 pm wavelength range have
tremendous potential for a multitude of civilian to military applications, including chemical
fingerprint sensing, advanced infrared spectroscopy, medical imaging and diagnostics, time-
resolved imaging of molecular structures, and IR countermeasures against heat-seeking
missiles. However, the realization of such light sources is technically very challenging [1,2].

Of the various glassy and crystalline materials showing mid-IR fluorescence, Fe**:ZnSe bulk
crystals are exceptional candidates, and have been shown to lase over a broad wavelength range
in the 3-5 um spectral region [3]. However, the difficulty of fabricating crystals in fiber form
— which represents an important platform for delivering high-beam-quality high-power laser
radiation — has motivated us to incorporate Fe*":ZnSe crystals into glass hosts [1,2,4], since
such glass-based composites may be drawable into optical fibers for eventual power scaling of
Fe?":ZnSe crystallite based MIR laser emission.

The first demonstration of Fe**:ZnSe-based mid-IR fiber lasers was based on high pressure
chemical vapor deposition (HPCVD) to create a Fe*":ZnSe crystalline region in a silica
capillary [4]. Despite its novelty and encouraging optical performance, this fiber concept
suffers certain limitations, including low thermal conductivity of the silica outer cladding, short
fiber (~1 cm) that can be fabricated, compromised physical integrity of the fiber due to
incompatible physical properties, such as thermal expansion coefficient as well as limited
optical and mechanical homogeneity. An alternative method is to incorporateFe?*:ZnSe nano-
/micro-crystals “extrinsically” into a glass matrix, which is then drawn into fiber. This concept
is motivated by the recent advances in successful doping of luminescent nano-/micro-crystals
in glass such as upconversion nanoparticles and nitrogen-vacancy containing diamond
microcrystals [5,6]. Very recently, early success in doping Fe?**:ZnSe microcrystals into
chalcogenide glasses has been demonstrated [2], which strengthens the potential of the multi-
phase luminescent composite material concept for the realization of fiber lasers based on
Fe?*:ZnSe active luminescent species in passive host glasses. However, chalcogenide glasses
exhibit lower mechanical, thermal and crystallization resistance compared to oxide glasses.

Given the long-standing technological maturity in drawing fiber from oxide glasses, this project
has focused on identification of a methodology for fast-track evaluation of a suitable oxide
glass matrix for embedding Fe?":ZnSe crystals. Considering the availability of confocal and
optical microscopy in the visible spectral range at IPAS, undoped ZnSe microcrystals were
selected, which show characteristic semiconductor band-edge emission at ~470 nm upon
excitation with available laser at 405 nm. Three glass types were investigated; lead-silicate,
tellurite and germanate. The heavy metal oxide free germanate glass system was found to be
suitable for embedding ZnSe nano-/micro-crystals as this glass system does not form metallic
species during heat-treatment (causing strong background fluorescence) or via reaction with
ZnSe (causing disintegration of ZnSe).
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2. Glass sample fabrication and appearance

2.1. Selection of glasses and doping techniques

Building on well-researched glass compositions and nano-/micro-crystal doping techniques at
IPAS, three glass compositions and two doping techniques were investigated

= Na-Zn-tellurite glass (TZN) [glass fabricated in house]- melt doping
= Na-germanate glass (GN) [glass fabricated in house] - melt doping and interface doping

= commercial (Schott Glass Co) lead-silicate glass (F2) - interface doping

2.2. Preparation of ZnSe micron-size particle suspension for doping

The commercially acquired ZnSe particles in the form of microcrystals had a particle size of
approximately 1-5 pm. For melt doping, the particles were used as dry powder. For interface
doping and deposition on a glass slide, the particles were first dispersed in ethanol at a
concentration about of ~1.2 mg/mL using a magnetic stirrer. Prior to any subsequent use, the
suspension was sonicated for ~30 min.

2.3 Overview of samples fabricated

Table 1 lists the various glass samples made in this project using different glass viscosity and
temperature for doping the ZnSe particles into the samples.

Table 1: Glass samples — and geometries — fabricated in this project

sample sample estimated doping doping
number description viscosity (dPa.s) | temperature (°C)

#1 melt-doped ZnSe-TZN glass block ~10° 577

#2 melt-doped ZnSe-GN glass block ~10! 1050

#3 interface-doped ZnSe-F2 glass fibre ~108 670

#4 interface-doped ZnSe-F2 glass sandwich ~108 670

#5 interface-doped ZnSe-GN glass sandwich ~108 565

#6 interface-doped ZnSe-GN glass sandwich ~10! 1050

2.4. Fabrication of sample #1 — Melt doping of TZN glass

The TZN glass batch was melted at 745 °C in an electric furnace at ambient atmosphere. The
furnace temperature was subsequently reduced to 577 °C, where the glass viscosity was “oil-
like”. 0.1 g of ZnSe powder was added into the melt and followed by a manual swirl. Upon
adding ZnSe powder into the melt, a puff of black smoke was released. The glass melt with
ZnSe powder was “dwelled” for 5 min at 577 °C and then cast into a preheated mold. The
sample shows many black particles (Fig. 1 left).
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2.5. Fabrication of sample #2 — Melt doping of GN glass

The glass batch was melted at 1250 °C in an electric furnace at ambient atmosphere. The
furnace temperature was then reduced to 900 °C, but the glass viscosity was determined to be
too high for casting and thus for melt doping. As such, the temperature was increased to
1000 °C, but the glass viscosity was still too high for casting. Hence, the temperature was
further increased to 1050 °C, where the glass melt showed a “honey-like” viscosity, which is
suitable for casting. 0.1 g of ZnSe powder was added into the glass melt, which was then mildly
swirled manually, dwelled for 5 min at 1050 °C and was finally cast into a preheated mold. The
resulting glass block showed a red coloured region near the top of the cast glass block, which
indicated that the ZnSe particles were not well dispersed and remained near the top of the melt
(Fig. 1 right).

Figure 1: Photographs of melt-doped ZnSe-TZN glass sample #1 (left), and
melt-doped ZnSe-GN glass sample #2 (right).

2.6. Fabrication of sample #3 — Interface doping of F2 glass via fiber drawing

An F2 glass rod of ~10 mm diameter and an F2 glass tube of 10 mm outer diameter and ~2 mm
inner diameter were fabricated from a commercial glass rod of 30 mm diameter using the billet
extrusion technique [7]. The extruded rod of 10 mm diameter was drawn into a thin rod of
~1 mm diameter (hereafter referred to as cane). The cane was dipped in the ZnSe suspension
80 times. This high number of dip coating iterations was employed to achieve a high surface
density of ZnSe particles. Note that the ZnSe particles settled relatively quickly from the
suspension during the dipping process. Examination of the dip-coated F2 cane with an optical
microscope showed the presence of ZnSe particles (with different sizes in um scale) on the
surface of the cane, with most of them in agglomerated and non-uniform distribution (Fig. 2).
The ZnSe coated cane was inserted into the F2 tube, and this assembly was drawn in nitrogen
atmosphere to a continuous fiber with bands of 250 um and 160 um diameter.

Figure 2: F2 cane dip-coated with ZnSe particles. The green square shows
an area of 100 um x 100 um with 790 blocks of particles.
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2.7. Fabrication of samples #4 and #5 —Interface doping of F2 and GN glass via sandwich
sample fabrication simulating fibre drawing conditions

Characterization of the ZnSe doped F2 glass fiber showed that the curved surface hampered
the imaging of particles located at the interface. Therefore, the interface doping technique was
adapted to plane geometry by making so-called “sandwich” samples, each composed of two
slides fused together, with the ZnSe microparticle at the interface between the two slides. To
simulate the fiber drawing conditions of interface doping, the slides were heated in a controlled
atmosphere furnace under nitrogen flow at a temperature similar to the temperature the glass
experienced in the hot zone during fiber drawing. For the F2 glass, mathematical modelling
and known temperature-viscosity behavior was used to determine the viscosity (10° dPa.s) and
glass temperature (670 °C) during drawing [8]. For the GN glass, the temperature-viscosity
behavior is unknown. To determine the glass temperature that corresponds to the viscosity of
GN glass during fiber drawing, we used the degree of bending of a glass slide at elevated
temperature as a measure of viscosity. Specifically, the degree of bending of GN slides at
various temperatures was compared to the degree of bending of an F2 slide heated at a
temperature (670 °C) corresponding to the glass viscosity during fiber drawing. For these
bending tests, a furnace was used where the thermocouple controlling the furnace is situated in
the hot zone of the furnace. Thus, the furnace temperature is approximately equal to the glass
temperature for a sample in the hot zone. Heat treating GN glass slides at various temperatures
revealed that 565 °C resulted in approximately the same GN glass viscosity as the F2 glass
viscosity during fibre drawing.

The ZnSe doped F2 and GN sandwich samples were prepared as follows. First, planar F2 and
GN slides of ~2 mm thickness were prepared from commercial F2 glass rod and in-house made
undoped GN glass block, respectively. A drop of ZnSe suspension (80 pL) was deposited on a
slide, and after drying in air, another slide of the same glass was placed on top of the coated
slide. This pair of slides with ZnSe particles at slides’ interface was placed on a ceramics
substrate and then heated at the relevant temperature (670 °C for F2, 565 °C for GN) for 6
minutes in nitrogen atmosphere.

2.8. Fabrication of sample #6 — Interface doping of GN glass via sandwich sample fabrication
using glass melting temperature

To compare melt and interface doping, an interface-doped GN sandwich was prepared using
the same conditions as for melt doping. This involved placing a part of the ZnSe-doped GN
sandwich sample (e) made at 565 °C in an alumina crucible and heating at 1050 °C furnace
temperature for 6 minutes in ambient atmosphere in the same furnace that was also used to
make sample (b). After cooling down to room temperature, the crucible was broken, leaving
shattered pieces of the ZnSe-doped GN sandwich-1050 °C sample behind.

3. Glass sample characterization methods

3.1. Optical microscopy

Commercial optical microscope, with dark field and bright field, was used to image particles
deposited on slides or cane and particles embedded in glass fiber or glass sandwich samples.
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3.2. Confocal fluorescence microscopy

In-house built confocal fluorescence microscope was used to measure the fluorescence of the
various samples in micrometer-scale spatial resolution. A 405 nm laser diode was used for
excitation. The excitation light was blocked using a 410 nm bandpass filter. The fluorescence
was measured in the range of 410-1000 nm. Due to the use of beam splitter that was coated to
back-reflect light at ~530 nm, the measured spectra show a dip at 530 nm, which is a
measurement artefact.

4. Results and discussion

4.1. Optical microscopy results

Figure 3 shows photographs of the sandwich samples #4-#6 and dark field optical microscope
images of samples #3-#6. For the sandwich samples, the interface was inspected by focusing
through the top slide onto the interface. For the ZnSe-F2 fiber #3, short pieces of fiber were
cleaved of the drawn fiber and the cross-sectional endface was inspected. In addition, the pieces
were inspected from the side along the length of the fiber with focus onto the interface. Each
one of these inspections revealed the presence of microparticles at the interface (Fig. 3) with
similar appearance before heat-treatment (Fig. 2). This demonstrates the survival of the ZnSe
particles when embedded into glass heated at a viscosity of ~10° dPa.s in nitrogen atmosphere.

ZnSe-F2 fibre-670°C ZnSe-F2 sandwich-670°C ZnSe-GN sandwich-565°C  ZnSe-GN sandwich-1050°C
sample #3 sample #4 sample #5 sample #5

N ‘b-,

focus on interface

Figure 3: The top row shows photographs of the samples. The bottom row shows optical microscope
images taken with 10-20x magnification.

For the ZnSe-GN sandwich-1050 °C sample #6, isolated microparticles and dendrite-like
features were found at or close to the surface (Fig. 3 bottom right image). The dendrite-like
features are attributed to surface crystallization. The size and morphology of the microparticles
suggests that these microparticles were “survived ZnSe particles”.

The observation that ZnSe particles are located close to the surface after heat treatment at
1050 °C, while they were located at the interface before heat treatment, is likely caused by
pronounced glass flow due the low glass viscosity of 10! dPa.s at the 1050 °C heat-treatment.
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Before heating, the sandwich sample #5 (565 °C) had a thickness of 3.4 mm, with the interface
located in the middle at 1.7 mm from the top. After heating, the sandwich sample #6 (1050 °C)
had a thickness of only ~0.6 mm, due to the glass liquid spreading within the ceramic crucible
at elevated temperatures. As illustrated schematically in Figure 4, we hypothesize that the glass
melting and flowing occurred in a way that the glass above the ZnSe particles moved laterally,
bringing the particles closer to the glass surface.

before heating after heating

crucible i crucible

9 0 0 O

e o o o
sandwich-565°C sandwich-1050°C

Figure 4: Schematic of ZnSe-sandwich-565 °C sample #5 before heating (left) and after heating (right)
at 1050 °C, resulting in the ZnSe-sandwich-1050 °C sample #6. The red circles depict the ZnSe particles.

4.3. Confocal fluorescence microscopy results

ZnSe particles deposited on Si wafer:

The particles show a narrow fluorescence band at 460-480 nm with peak at 470 nm (Fig. 5
right). This band is clearly different than the autofluorescence of the uncoated Si wafer (Fig. 5
left). The 470 nm fluorescence band of the deposited ZnSe microcrystals agrees with the
emission of ZnSe bulk crystal at ambient temperature [9].

7000 3500

e —— ZnSe crystal
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Intensity (Counts)
Intensity (Counts)
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450 500 550 600 650 500 550 600
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Figure 5: Fluorescence of uncoated Si wafer (left), and ZnSe particles deposited on Si wafer (right).

ZnSe-doped GN samples #2 and #5:

Both the interface doped ZnSe-GN sandwich-565 °C sample #5 made under simulated fiber
drawing conditions and the melt doped ZnSe-GN glass sample #2 show similar broad
fluorescence band at 620-850 nm with peaks at 720 nm and 740 nm (Fig. 6). This band is
significantly broadened and red-shifted compared to ZnSe microparticles deposited on Si wafer
(Fig. 5 right). A similar broadened and red-shifted fluorescence at ~560 nm was observed for
ZnSe microcrystals grown in borosilicate glass (Pyrex) matrix [9]. This band was ascribed to
deep-level emission from crystalline defects or impurities originating from the glass matrix
during microcrystal growth. Hence, a possible reason for the broad fluorescence band at
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~740 nm in the ZnSe-GN samples #2 and #5 is also the emission of deep-level defect states at
the surface of the ZnSe microparticles embedded in glass. We hypothesize that the defects were
formed due to reaction of the molten or softened glass with the ZnSe microparticles at the
elevated temperature of the doping step. Another explanation of the broadening and red shift
of the fluorescence band is the variation of electromagnetic interaction between the crystalline
lattice and the host matrix, due in part to index difference, and in part to difference in thermal
expansion coefficient (Table 2). In the ZnSe-GN samples #2 and #5, the ZnSe particles are
surrounded by high-index GN glass, whereas the deposited ZnSe particles are mostly
surrounded by air. The thermal expansion coefficient mismatch between ZnSe and GN might
cause stress on the crystal lattice of ZnSe, resulting in a broadening of the emission band. The
red-shift of the fluorescence band from ~560 nm in borosilicate glass [9] to ~740 nm in GN
glass is consistent with the increase in refractive index from borosilicate glass (1.47) to GN
glass (1.64) (Table 2).

melt-doped ZnSe-GN glass sample #2 interface-doped ZnSe-GN sandwich-565°C sample #5
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Figure 6: Fluorescence spectra from colored and transparent area of sample #2
(left) and from red and blue area in the confocal image of sample #5 (right).

Table 2: Refractive index of air, F2 glass, GN glass and ZnSe crystal.

refractive index np thermal expansion
coefficient (109/K)
air 1.0 n/a
Borosilicate 1.47 [10] 3.3 [10]
F2 1.62 [11] 9.2 [11]
GN 1.64 [12] 9.5 [12]
ZnSe 2.67 [13] 7.4 [14]
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ZnSe-doped F2 samples #3 and #4:

For the interface doped ZnSe-F2 sandwich sample #4 made under simulated fiber drawing
conditions, the fluorescence spectra collected by focusing on the top and middle of the undoped
F2 slide and on the ZnSe-doped interface region show the same broad band at 410-850 nm with
peak at ~580 nm (Fig. 7). Considering that F2 and GN glass have similar refractive index and
thermal coefficient (Table 2), the ZnSe-F2 sandwich sample is expected to show a similar band
with peak at 740 nm as the ZnSe-GN sandwich sample when focusing on the interface region.
However, a very broad band with peak at shorter wavelength of ~580 nm is observed, which is
also found for the undoped regions. This indicates that the F2 glass shows intense and broad
autofluorescence from ~400-850 nm, which obscures any fluorescence in the wavelength range
of 650-850 nm from potential defect-containing ZnSe particles. Likewise, for the interface
doped ZnSe-F2 fiber sample #3, when scanning across the fiber cross-section as well as
inspecting a fiber sample from the side with undertaking a z-depth scan from surface to beneath
19 um with step size 2 um per scan, only the broad and intense autofluorescence band at
~580nm of the F2 glass itself is found. Since F2 is a lead-silicate glass, we attribute the
autofluorescence to the formation of metallic Pb clusters during heating of the F2 glass
(irrespective of doping with ZnSe particles). These results demonstrate that F2 glass is not a
good candidate for hosting ZnSe particles.

glass surface . glass interim | sandwich interface
i | |

| | N

! ] M

Wavelength (nm) " \navelength mn/
Figure 7: Fluorescence spectra from top surface, interim area and interface of the ZnSe-F2

PS

Top glass slide

Bottom glass slide

sandwich sample #4 (top row). Schematic of sandwich sample (with the orange circles depicting
the ZnSe particles) and the focal points for the respective fluorescence spectra.

ZnSe-doped TZN sample #1:

The black areas in the melt doped ZnSe-TZN glass #1 show a broad fluorescence band at ~500-
800 nm with peak at ~600 nm (Fig. 8 left). In comparison, the red colored areas in the melt
doped ZnSe-GN glass #2 show a broad fluorescence band at 620-850 nm with peaks at 720 nm
and 740 nm (Fig. 8 right). The difference in color and fluorescence band position and width
indicates that the black areas in ZnSe-TZN glass are not from ZnSe particles. The width and
position of the band resembles that of metallic tellurium in TZN sol-gel samples [15] and the
color resembles that of TZN glass melted under reducing conditions in nitrogen, indicating that
the doping of the TZN melt with ZnSe particles led to the formation at metallic tellurium. The
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formation of black smoke when adding the ZnSe particles to the hot TZN glass melt is
attributed to the formation of selenium vapor considering the low boiling point of 685 °C for
elemental selenium. These observations suggest the following chemical redox reaction between
the ZnSe particles and the hot TZN glass melt:

TeO, + 2 ZnSe > Te? (black area in glass) + 2 Se® (black vapor) + 2 ZnO

The vigorous reaction shows that TZN is not a suitable glass host material for doping particles
with strong reduction potential due to the easy transformation of Te*" ions in the glass to
metallic tellurium.

melt-doped ZnSe-TZN glass sample #1 melt-doped ZnSe-GN glass sample #2
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Figure 8: Fluorescence spectra from colored and transparent area of melt doped
samples ZnSe-TZN glass #1 (left) and ZnSe-GN glass #2 (right).

ZnSe-doped GN sandwich sample #6:

Compared to the broad emission over ~620-850 nm of ZnSe particles embedded in GN glass
for melt-doped sample #2 made at 1050 °C and the interface-doped sample #5 made at 565 °C,
the interface-doped GN sandwich sample #6 made at 1050 °C gives rise to a sharp peak at
692 nm, whose peak intensity is about one order of magnitude higher compared to the broad
band at ~710 nm it sits on. The FWHM of the sharp peak is about 3 nm, which is about 40
times narrower than that of the fluorescence band at 740 nm of the ZnSe particles in the
sandwich-565 °C sample #5 from which the sandwich-1050 °C sample #6 is made. Future
investigations are required to determine whether the sharp peak is caused by ZnSe particles or
a new species formed during the heat treatment of sample #5.
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Figure 9: Confocal image of the ZnSe-GN sandwich-1050 °C sample #5 (top) with focus
below the sample surface. Fluorescence spectra (bottom) from the respective areas
shown by the green arrows. The inset shows the region of the sharp peak at 692 nm.

Conclusions

The embedding of ZnSe microparticles was investigated for three oxide glass types at glass
melting and fiber drawing viscosities. For the commercial lead-silicate glass F2, optical
microscopy indicates the survival of the ZnSe particles, but confocal fluorescence spectroscopy
could not be used to confirm that the survived particles are ZnSe due to the strong
autofluorescence of the F2 glass, which is attributed to the formation of metallic Pb. For the
Na-Zn-tellurite glass, the ZnSe particles induced a redox reaction between ZnSe and glass
matrix, resulting in the disintegration of the ZnSe particles and the formation of metallic Te.
These results suggest that heavy metal oxide containing glasses such as lead-silicate and
tellurite are not suitable host glasses for the embedding of ZnSe particles due to the tendency
of the heavy metal oxides in these glasses to form metallic species at elevated temperature.

Sodium-germanate glass was found to be a suitable host matrix for embedding ZnSe particles
at viscosities of glass melting and fibre drawing (~10! and ~10° dPa.s, respectively). The
survival of the ZnSe particles at these viscosities was demonstrated through optical and
confocal microscopy. The sodium-germanate glass does not contain heavy metal oxide,
preventing autofluorescence and reaction of ZnSe with the glass melt. This behavior suggests
that heavy metal oxide free glass is best suited for embedding ZnSe particles into glass.

Suggestions for future work

Three directions are suggested for future work; (i) use of additional characterization technique
to confirm the survival of ZnSe particles, (ii) investigation of heavy metal oxide free germanate
glass suitable for fabrication of mid-infrared transparent fiber as host matrix, and (iii) exploring
fabrication methods that allow high ZnSe doping concentrations with homogeneous
distribution of the particles and absence of disintegration of the particles.
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X-ray diffraction (XRD) is a widely used technique to identify crystal phases in glass. The
challenge of this technique is that only crystal phases with >5-10% volume content can be
detected on top of the broad XRD peak caused by the glass matrix itself. Preliminary
investigation of the ZnSe-doped sodium-germanate glass made using melt doping showed that
the ZnSe particle concentration was insufficient for XRD. A possible alternative is the use of
micro-XRD technique.

While the heavy metal oxide free germanate glass system is suggested to be a suitable host
glass system, the sodium-germanate glass investigated is likely to be unsuitable for low-loss
fiber fabrication due to low crystallization stability. Thus, development or selection of a
germanate glass composition (without heavy metal oxides such as PbO, Bi,03, TeO;) with high
crystallization stability and transmission in the 3-5 pm wavelength range is required.

ZnSe particles were successfully embedded in glass in spatially confined regions (interface
between glass slides, surface layer of glass melt) at viscosities of ~10' and ~10° dPa.s. These
viscosities are too high to allow homogeneous dispersion of ZnSe particles in the volume of
the glass to achieve sufficiently high ZnSe particle concentration for lasing. This motivates the
exploration of alternative and advanced fabrication techniques of particle embedding in glass
to overcome this limitation.
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