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1 | INTRODUCTION

Abstract

Melt size-dependent physical property variation is examined in a multicomponent
GeSe,-As,Ses-PbSe chalcogenide glass developed for gradient refractive index
applications. The impact of melting conditions on small (40 g) prototype labora-
tory-scale melts extended to commercially-relevant melt sizes (1.325 kg) have
been studied and the role of thermal history variation on physical and optical
property evolution in parent glass, the glass’ crystallization behavior and postheat-
treated glass ceramics, is quantified. As-melted glass morphology, optical homo-
geneity and heat treatment-induced microstructure following a fixed, two-step
nucleation and growth protocol exhibit marked variation with melt size. These
attributes are shown to impact crystallization behavior (growth rates, resulting
crystalline phase formation) and induced effective refractive index change, n.g; in
the resulting optical nanocomposite. The magnitude of these changes is discussed
based on thermal history related melt conditions.
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phase separation

(ChGs) are well suited for applications spanning the short-
wave (SWIR), mid-wave (MWIR) and long-wave IR

Rapid evolution of infrared (IR) technology is making it
possible to employ infrared optical components for low-
cost consumer sensing and security applications, as well as
extreme-performance applications in defense. The unique
properties and functionalities of chalcogenide glasses

(LWIR) spectral regimes. These amorphous glasses exhibit
low phonon energies, high refractive indices, high optical
nonlinearity, transparency from the visible to the infrared
wavelengths and low dispersion.' ChGs can easily be
molded into lenses or drawn into fibers.*’ By varying
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elemental composition, optical and thermal properties of
multicomponent ChGs can be tailored to provide optical
and systems designers and manufacturers additional degrees
of freedom than those possible using crystalline IR
materials.

The demand for larger volumes of low-cost IR optical
elements that perform across multiple IR bands (eg, MWIR
+ LWIR or SWIR + MWIR) make ChGs attractive candi-
date materials as thermal imaging and sensing technologies
have become affordable to the consumer. Typically, optical
devices require the use of multiple lenses to form a high
quality image with low aberrations. Such designs may have
structural limitations related to the shape and number of
the required lenses. Gradient refractive index (GRIN) mate-
rials are ideal for optical elements where a gradual varia-
tion in the refractive index is used to manipulate light.®~"!
This continuous variation in index not only allows an addi-
tional degree of freedom that can be used for high focusing
power or aberration correction, but also provides unique
and tailorable dispersion characteristics not possible with
homogenous optical materials.'> Implementation of GRIN
optical designs can enable cost effectiveness through the
manufacturing of fewer optical elements but more impor-
tantly, reduces the number of coated surfaces and reflec-
tions while improving transmission and spectral range
performance.

Currently deployed technologies for producing GRIN
profiles have largely focused on solutions for the visible.
These methods include neutron irradiation, chemical vapor
deposition, ion exchange, and multilayer lamination tech-
niques of polymers or glass, which are usually not suffi-
cient for advanced optical designs because they are often
produce optics that are limited by loss or the magnitude of
a finite refractive index change (An).w’16 Two teams
funded through DARPA's M-GRIN program have recently
examined GRIN materials for the IR. Naval Research Lab-
oratory (NRL) has developed multiple, single glass compo-
sitions and exploited a fusion bonding method on ChG
wafers employing interdiffusion of glass constituents. This
results in a gradual, diffusion-limited index step where end
points are defined by the number of wafers and their start-
ing indices.!”'® Within the mid-wave infrared (MWIR), it
has also been demonstrated that a combination of zinc
sulfide (ZnS) and zinc selenide (ZnSe) grown using a
co-deposition method to realize ZnSSe via Chemical Vapor
Deposition (CVD) is also capable of forming a GRIN
profile."’

The candidate ChG composition evaluated in this study
was developed in a partnership between the University of
Central Florida (UCF), Penn State, and Lockheed Martin
Corporation (LMCO) researchers,”® and offers the potential
of creating an arbitrary GRIN profile through the spatial
control of nuclei formation followed by a secondary growth

step resulting in a multiphase (nanocrystallite + glass)
glass-ceramic. Here, the effective refractive index variation,
Angg of the resulting nanocomposite is proportional to the
volume fraction of the crystalline phase within the parent
glass, and their respective refractive indices. The GRIN
profile is produced by forming a secondary crystalline
phase with higher (or lower) index than the parent glass.
Growing a controlled number density of small (<100 nm)
single-phase crystallites in a glass matrix is very challeng-
ing. Uncontrolled ‘spontaneous’ crystallization can lead to
large crystallites of multiple phases imparting absorption or
scattering loss within the target infrared transmission win-
dow.>""?? If the crystal sizes can be kept well below
approximately one-half to one-tenth of the wavelength
range of use, light scattering within the material can be
minimized. In this work, crystallites are produced via con-
trolled crystallization of the glass using a two-step nucle-
ation and growth heat treatment. Extensive evaluation of
the times and temperatures optimal for this two-stage proto-
col is discussed in detail in reference.”® The goal of the
present effort has been to form a controlled volume fraction
of crystals with a higher refractive index than the parent
glass and to assess the resulting glass-ceramic's properties
for a fixed parent glass composition.

In addition to understanding the methodology required
to induce controlled crystallization in the glass, the influ-
ence of melt size on the properties of the resultant glass-
ceramic is a topic of intense scientific and engineering
importance. Most “academic” investigations involve small
melt sizes with melting protocols far different from those
used by commercial glass manufacturers preparing larger
melt volumes with higher levels of optical homogeneity.
For materials to be considered suitable for use in current
and future optical systems, the impact of melt-size thermal
history on the base glass’ optical properties, as well as its
subsequent behavior when crystal phase formation occurs
in the parent glass, must be understood. This is especially
important if lab-scale prototype glass melts (<100 g in
size) are transitioned to larger scale melts (>1 kg). An
understanding of the difference between properties of the
laboratory-scale glass melt and the subsequent glass’ prop-
erties upon scale-up is desired to show that these composi-
tions can be commercialized. Such a systematic study is
often not reported as it is a source of proprietary commer-
cial “know-how”, not frequently discussed in published lit-
erature. This paper reports such a systematic study.

It is commonly understood that as the volume (size) of
a glass melt increases, it becomes more difficult to extract
heat from the melt. This reduction in the melt cooling rate
can impart adverse effects on glass homogeneity and crys-
tallization stability of the melt if a prescribed process is not
followed. This can be even more pronounced in glass sys-
tems such as ChGs, which are well known to exhibit
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liquid-liquid phase separation (LLPS).** The cooling rate
of a glass melt can have significant impact on the proper-
ties of the glass including its glass transition temperature
(Ty), crystallization temperature (7y), thermal stability
(AT = T - T,), density, and refractive index.?® Addition-
ally, slow cooling rates may lead to an increase in number
of as-quenched nuclei or the extent of phase separation;
both of these attributes make use in optical applications or
subsequent processing (ie, to a glass-ceramic) difficult.
While slow cooling rates may have negative effects on the
glass by producing these inhomogeneities, such slow cool-
ing is required for yielding (high) refractive index optical
homogeneity. Index inhomogeneity typically occurs from
compositional, and thereby density fluctuations within the
melt that result in striae upon cooling which degrade trans-
mission through the optical component. Striae are typically
“born” upon cooling from the melting region at high tem-
peratures when the molten glass is quite turbulent due to
convective movement within the melt. If the melt is rapidly
quenched, such turbulent flow is “frozen” into the glass,
resulting in bubbles or density gradients. Controlled cool-
ing through the transition region allows the melt enough
time to relax so that the fluctuations are not “frozen” into
the glass. Other optical inhomogeneities in the glass which
can result in stress-induced birefringence may arise as
the glass passes through the transition region, near T,. As
the outside of the glass melt solidifies before the
inside, the contraction during solidification can cause stria-
tions in the melt which cannot be removed with annealing
thus remaining permanently frozen in the glass network.
These facts are especially important when making direct
comparisons of a fixed composition across varying melt
sizes. Hence, as this effort has transitioned a candidate
GRIN material from lab-scale to prototype industry scale
size, a review of how optical and physical property varia-
tion “scales” is warranted.

The work reported in this paper examines the role of
phase separation morphology on crystallization behavior
and postheat treatment properties in a phase separated qua-
ternary chalcogenide glass composition in the 20GeSe,-
60As,Se;-20PbSe (20 PbSe) system. The attributes of this
glass are part of a series of glasses (with varying PbSe con-
tent) that have been previously reported, for small, 40 g
melts.’® Here, we focus on one composition to systemati-
cally evaluate important property and performance varia-
tions that result from melt size scale-up (from 40 g melts
to 1325 g melts) that can affect the material's suitability for
use as a GRIN material in IR optical systems. The
microstructure of the crystalline phases created following a
fixed nucleation and growth heat treatment protocol of the
base glass is presented, and the variation in properties of
this postheat-treated glass-ceramic material is reported. The
postheat-treated 20 PbSe glass-ceramic has been shown to
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exhibit good transparency in the mid-infrared with a nar-
row size distribution of crystallized phases. Presented are
the details of the glass’ droplet size and total droplet vol-
ume fraction, as well as the glass-ceramic's crystal phases,
refractive index change and optical transparency and how
each varies with the parent glass’ melt size. The findings
of this study shows that the crystallization behavior of
varying parent glass morphology can be controlled to real-
ize good optical quality nanocomposites despite variations
of property attributes with melt size.

2 | EXPERIMENTAL PROCEDURE

Small batches of 40 and 150 g of 20GeSe,-60As,Ses-
20PbSe (20 PbSe) bulk glasses were prepared using
conventional melt-quenching technique in the Glass
Processing and Characterization Laboratory (GPCL) at the
University of Central Florida (UCF). All glasses were pre-
pared using high purity raw materials (metals basis) from
Alfa Aesar: Selenium (99.999%), Germanium (99.999%),
Arsenic (99.999%), and Lead (99.999%). Elemental starting
materials were weighed and batched in a nitrogen purged,
MBraun Labmaster 130 glove box. The weighed batch was
loaded into cleaned fused quartz tubes (either 10 or 30 mm
in diameter) and sealed under vacuum using a methane-
oxygen torch to form sealed ampoules. All UCF batches
were melted in a rocking furnace overnight at a melting
temperature of T, = 850°C. After the overnight rock-
ing temperature, the furnace was then cooled to the quench
temperature, T = 650°C, prior to removal from the fur-
nace for quenching using compressed air flowing over the
ampoule. The cooling rate for this quench method is esti-
mated to be ~120°C/min. To minimize any quench-related
stress, the prepared glasses were annealed at 177°C for
2 hours. The annealed glass rods were cut into slices of
thickness ~2.5 mm using a slow speed saw. For optical
characterization, slices were ground and polished by hand
on both sides using SiC paper with a final 0.05 pm Al,O3
slurry polishing step.

Working with our commercial partner, Amorphous
Materials, Inc., (AMI), efforts to scale up the 20 PbSe
composition were undertaken. Using proprietary, test-melt-
ing protocols, similar to those employed for other AMI
commercial compositions, exploratory 500 g and 1325 g
melts of the 20 PbSe composition were produced from ele-
mental starting materials. AMI melts were either in the
form of semi-elliptical cylinders (cast horizontally, within a
round quartz tube, major radius ~27 mm; minor radius
~10 mm) or as ~200 mm (8”) diameter plates (7 mm
thick). These geometries were selected to maximize cooling
rate (volume of melt in contact with the glass surface
exposed to air for cooling). Both the 500 g and 1325 g test
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melts were melted at 850°C. The 500 g melt was quenched
from 500°C, while the 1325 g melt was quenched from
525°C. Both were cooled to 190°C as quickly as available
air-convection techniques allowed, and then annealed.

The morphology, chemical composition, and microstruc-
ture of the base and heat-treated glasses were investigated
using transmission electron microscopy (TEM). Glasses
were ground into powder specimens, and dropped onto
lacey carbon grids. Bright field (BF) TEM images, selected
area electron diffraction (SAED) patterns, and X-ray energy
dispersive spectroscopy (XEDS) images in a scanning
transmission electron microscopy (STEM) mode were col-
lected using a FEI Tecnai F30 TEM with an electron beam
acceleration voltage of 200 kV.

Thermal studies were performed in a Netzsch DSC
204 F1 Phoenix Differential Scanning Calorimeter (DSC),
using a constant sample size (20 + 2.5 mg) of glass (parti-
cle size < 125 pm) and an empty aluminum pan as a refer-
ence. Initially, a DSC run was performed on the base glass
at a base heating rate of 10°C/min to determine the charac-
teristic glass transition (7,) and crystallization (7%) tempera-
tures. DSC was also used to create nucleation-like and
growth-like curves by analyzing curves after isothermal
holds in the DSC following methods presented in *"*® and
discussed in detail for this 20 PbSe glass, in reference.?

Nucleation and growth curves were used to develop
heat treatment protocols for bulk glass samples to form
optical glass-ceramic nanocomposites. Polished specimens
underwent a two-step heat treatment in an open-air electri-
cal furnace for fixed nucleation and growth times and tem-
peratures. All 20 PbSe glasses were nucleated at 220°C for
2 hours followed by a growth heat treatment at either 250,
260 or 270°C for 30 minutes. Physical properties (micro-
hardness and density) were measured on the glasses before
heat treatment, after nucleation heat treatment, and after
growth heat treatment steps in order to characterize the
effect of the crystallization process on properties. These
data while useful to make melt-size, structure property
comparisons, are not discussed in detail here but in the
work of Buff*®

Fourier Transform Infrared (FTIR) Spectroscopy was
employed to measure the transmission of polished samples.
Two separate Perkin Elmer FTIR systems were used. The
Frontier FT-NIR model measures the transmission from
0.64-5 pm, while the Frontier Optica model measures trans-
mission from 2-22 pm. The resolution of these systems is
between +1%. Using refractive index data at key wave-
lengths is of interest, the transmission curves were cor-
rected for Fresnel losses.

Refractive index was measured before and after heat
treatment on glass/glass-ceramic samples, using a Metricon
Inc. prism coupler (2010 Metricon Corporation, Penning-
ton, NJ, USA) modified to measure the index of bulk and

thin film samples in the infrared. Specifics on the system
modification and basic principles of its use and measure-
ments on other chalcogenide glasses can be found in works
by Carlie et al.,, Qiao et al., and Gleason et al.?*3! Ten
measurements were performed on each sample with an error
of + 0.0005 for measurements at A = 4.515 pm. Two dif-
ferent prisms were used depending on the index of the sam-
ple. The lower index samples (index range at 4.515 pm
~2.05-3.05) were measured using an undoped, single-crystal
Ge prism. The higher index samples (index range ~2.95-
3.35) were measured using an undoped, single-crystal Si
prism. A crystalline reference material (ZnSe) of known
index was used as a calibration standard.

The internal homogeneity of the as-melted glasses was
characterized using a FLIR infrared camera (to probe gross
artifacts and striae) and IR interferometers (to quantify
refractive index uniformity) in polished melt samples. Of
special interest was the magnitude of such features and
variation with melt size. Refractive index uniformity mea-
surements at the University of Rochester were performed
on a Mach-Zehnder interferometer at 4.5905 pm. The abso-
lute refractive index at 4.5905 pm was measured, using a
Sagnac interferometer. The index of refraction measured,
using the Sagnac Interferometer has an accuracy and reso-
lution on the order of 10™*. A detailed summary of the
technique can be found in reference ** and is presented for
GAP-Se glasses in reference >* The Mach-Zehnder interfer-
ometer measures the deviation of the beam as it passes
through the sample at different angles. These deviation
measurements are then used to calculate the change in the
refractive index, An.>> Sources of error for these measure-
ments come from poor surface quality of the test specimen,
nonparallel sides, and severe internal striae as observed by
imaging with a FLIR camera or interferometry.

X-ray diffraction (XRD) was performed on the PANa-
Iytical Empyrean system using a Cu K-alpha radiation
source (A = 0.154 nm) in a 20 range from 10 to 70°. Mea-
surements were performed on the base glass and on post-
heat-treated samples to confirm the amorphous nature of
the base glass and to identify and quantify crystalline
phases formed in the heat-treated glass-ceramic.

3 | RESULTS AND DISCUSSION

3.1 | Glass properties as a function of melt
size

Figure 1A-C shows XEDS compositional line scans across
the droplet and matrix phase boundaries for selected 40,
500 and 1325 g melts of the parent 20 PbSe base glass
composition. As discussed in Yadav et al.,*® liquid-liquid
phase separation (LLPS) in the glass results in the precipi-
tation of droplets in the matrix of the melt/quenched GAP-
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FIGURE 1 XEDS line scan for (A) 40 g, (B) 500 g and (C) 1325 g melts across the droplet-matrix phase boundaries for the base
compositions (inset shows the TEM images for the corresponding composition). Note that the scale lengths required to measure across three
droplets varies with melt size, consistent with the droplet size variation discussed below

Se glass. Electron diffraction confirmed that both droplet
and matrix phases remain amorphous in all specimens with
no evidence of crystallization. While EDS of the three melt
specimens show identical compositional features for the
four elements that comprise the 20GeSe,-60As,Se;-20PbSe
(20 PbSe) glass, only the Pb component shows any prefer-
ence for phase segregation in the XEDS analysis performed
on TEM images across multiple droplets within the phase
separated morphology. Figure 1A-C show the quantitative
compositional information of the droplet and matrix for the
different melt size glasses. The XEDS line scans of the 20
PbSe glass show that the Pb is present throughout the sam-
ple but is much higher in content in the droplet phase as
compared to the matrix. For all melt sizes shown, the line
scan also shows a slight decrease in the As and Ge content
in the droplets suggesting that while the secondary (dro-
plet) phase in 20 PbSe glasses are Pb-rich, the matrix phase
is As and Ge-enriched and Pb-deficient as compared to the
as-batched composition. The distribution of Pb in the
XEDS map clearly matches with the TEM images (Fig-
ure 1A-C inset) where the bright and dark interfaces

correspond to the Pb-rich and Pb-deficient amorphous
phases, respectively. In addition to the compositional infor-
mation shown, the undulation in the line scans (and their
breadth) illustrates the gradual boundary between the two
phases. This differs from abrupt, step-like changes typically
observed in droplet/matrix morphology, suggesting that the
morphology is likely near a spinodal boundary. As
described in Yadav et al.,26 this is indeed the case as
glasses in the same series comprised of ~25-35 mol% PbSe
show spinodal morphology.

The results summarized in Figure 2A confirm that the
atomic percentages of Ge, As, Pb and Se measured across
numerous locations, show no variation with melt size,
source of elemental starting materials, or melt protocol.
These data suggest that the compositional uniformity of the
glasses remains essentially constant with increasing melt
size. TEM investigations of all samples exhibit LLPS, with
Pb-rich droplets within a Pb-deficient matrix, however the
average droplet diameter increases with increasing melt size
as seen in Figure 2B. This shows that the thermodynamics
of liquid-liquid immiscibility has an important bearing on
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the mechanism of phase separation as discussed in more
detail elsewhere.***> The size of the droplets in the larger
melts produced at AMI (500 and 1325 g) is almost twice
that of droplets seen in small melts (40 and 150 g), likely
due to the very different (slower) quenching rates
employed in the commercial melts. After phase separation
initiates, the final size of the droplet diameter is affected
by the thermodynamic driving force within the glass to
reduce the interfacial free energy by minimizing the free
surface area where the two phases contact each other. A
glass cooled quickly through the critical temperature, can
be expected to have smaller diameter droplets than the
same melt cooled slowly. Examining the total volume frac-
tion of droplets (a product of droplet size and number), one
can see that the phase-separated droplets represents about
24% of the volume fraction of the glass and this fraction
remains constant with melt size. This suggests that the ther-
modynamics of droplet formation is driven by the melt free
energy, but the kinetics of the cooling process defines the
number density of the secondary phase droplets. While the
volume fraction of droplets remains nominally constant
within the melts as shown in Figure 2B, the maximum Pb
content (atomic percentage) in each droplet (Figure 2C)
decreases as the droplet diameter increases. This observa-
tion is consistent with the increase in the droplet diameter
discussed above.

In this study, different melt sizes represent different
thermal histories (cooling rates from the melt) of glasses
and a systematic progression from the most rapid (40 g
melt size) to slowest (1325 g melt size) cooling rates. This
variation in thermal history has a corresponding impact on
the resulting glass’ phase separated morphology and ther-
mal properties. While the small size melts of 40 and 150 g
were quenched by blowing compressed air on the
ampoules, the 500 and 1325 g glasses were quenched by
natural convection. As noted above, the difference (reduc-
tion) in cooling rate leads to an increase in droplet diameter
with increasing melt size. The multiple amorphous phases
formed as shown by TEM, can result in multiple glass tran-
sition temperature(s) as seen by differential scanning
calorimetry (DSC).

As shown in the DSC spectra in Figure 3, signatures
related to LLPS are readily visible. It has been reported
previously that phase separation in glasses is often mani-
fested by the presence of two glass transition temperatures,
T's as measured by thermal analysis 3637 \which are associ-
ated with the amorphous phases present. However, such
clear indication (multiple T,'s) may not always be observed
in thermal analysis alone, and a secondary tool (ie, TEM)
is usually employed to confirm definitively. Figure 3 shows
DSC thermograms of glasses heated at 10°C/min for differ-
ent melt size glasses. These spectra show features of two
endothermic inflections before the onset of crystallization,

| ——40g Heating Rate 10°C/min |

Heat Flow (mW/mg)

100 200 300

Temperature (°C)

FIGURE 3 Results of conventional DSC curves for different
melt size base glasses. Heating rate: 10°C/min

suggesting the existence of two glass transition tempera-
tures. Not shown are the first derivatives of these curves
where the subtle presence of the second 7, in the 500 g
melt, is clearly evident. These features are followed by an
exothermic crystallization peak which has been shown to
be attributed to a Pb- and/or As-containing selenide crystal
phase(s)."® The presence of two glass transition tempera-
tures is consistent with the phase separation as seen in
TEM micrographs for all samples. While the two glass
transition temperatures are clearly visible in samples from
the 150, 500 and 1325 g melts, they cannot be seen in
small melts such as the 40 g glass, likely due to the glass’
higher cooling rate. The second T, in the 40 g sample may
be obscured because the volume fraction of this secondary
glass phase is small and possibly possesses a composition
more similar to the primary phase. The key thermal tem-
peratures, as determined from the DSC data for all glasses
are summarized in Table 1.

Table 1 compares the glass transition, thermal stability
(AT = Ty - Ty) and crystallization temperatures (7, onset

TABLE 1 Characteristic temperatures obtained from DSC for four
different melt size base glasses

Temperature Ty Ty Ty Ty Ty
(£2°C) ¢ (O O AT (O (O
Melt size
40 g 2025 - 2945 92 303.3 321.0
150 g 206.6 2172 291.8 852 3009 3208
500 g 2042 216.1 287.8 836 298.8 3212
1325 ¢ 2083 2198 2849 766 2939 3207
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and T, peak) for glasses as the size of the melt is varied.
As discussed earlier, with the exception of the 40 g sample,
all glasses show two glass transition temperatures. As seen
in the Figure 3 and Table 1, the onset of crystallization and
first crystallization peak shifts toward the lower tempera-
ture as the melt size increases. This shift is believed to be
associated with the different thermal histories of the
glasses, and the likelihood of a higher concentration of
quenched-in crystal nuclei with larger melt volumes pre-
pared with more gradual cooling. This suggests that the
slow-cooled melt(s)
nuclei than a more rapidly cooled melt because the slower
quenching rate allows more time for crystal nuclei to
potentially form. It can thus be expected that crystallization
will occur in these samples at lower temperatures in the
DSC because the preexisting crystal nuclei can start grow-
ing earlier in the thermal heating process. This fact is also
reflected in the reduction in the glass’ thermal stability with
melt size, as defined by the calculated AT. It should be
noted that the variation in thermal history does not lead to
new peaks or shoulders in the DSC spectra which would
be indicative of other species (nuclei) for potential crystal-
lization. All glasses have one distinct crystallization peak
followed by an asymmetric peak made of (at-least) two
crystallization features. This is consistent with the phase
formation discussed in the XRD analysis below. The
1325 g melt exhibited crystallization peaks, T, at 293.9
and 320.7°C, whereas crystallization peaks for the same
glass in 40 g size melts were seen at 303.3 and 321°C.

should contain more as-quenched

SCIENCE

While the T, of the all glasses are similar, the crystalliza-
tion features for the glasses are different, suggestive that
though the glasses crystallize similarly, the actual phase
formation based on nuclei present, may vary. It is the anal-
ysis of this primary crystallization peak that has been used
in the nucleation and growth rate determination experi-
ments discussed below. The evolution of varying volume
fractions of the same phases in the postheat-treated glass
matrix, is in fact, realized as shown below.

Table 2 summarizes the variation in glass density, hard-
ness and refractive index (as measured at A = 4.515 pm) of
the base glasses with melt size. As seen in the table there
is little variation (within the measurement error shown) in
these properties with melt size, a somewhat surprising find-
ing given the extremely different thermal histories of the
melts. These data suggest that the microscopic morphology
variation discussed above imparted by the glass’ thermal
history variation, does not extend to the macroscopic scale
over which these physical and optical properties are evalu-
ated. In general, refractive index depends on the thermal
history of the glass, which is of course, different according
to the melt size. However, an appropriate annealing can
also give the same thermal history for all glasses of differ-
ent melt size, leading to the same refractive index. This is
clearly not the case for the multiple melts evaluated here.

As mentioned earlier, the larger vessel and more con-
trolled cooling conditions of the commercial glasses allows
for better optical homogeneity. This is evident in Figure 4
which shows IR camera (transmission) images (through

TABLE 2 Melt size variation in density, hardness and refractive index (at 4.515 pm, 22°C) of the 20 PbSe base glass. Details on the

measurement of density and hardness can be found in reference >

Melt size 40¢g
Properties

Density (g/cm®)

Vickers hardness (MPa)

Refractive index at A = 4.515 pm, 22°C

4.978 + 0.006
171578 + 34.42
2.8440 + 0.0002

I mm =

150 g 500 g 1325 ¢

4.987 + 0.009
1641.13 + 19.12
2.8515 + 0.0002

4.998 + 0.004
1689.55 + 22.65
2.8471 £ 0.0002

4.996 + 0.002
1646.94 + 24.54
2.8494 + 0.0002

FIGURE 4 FLIR camera image of 20 PbSe melts: (A) AMI exploratory 1325 g melt sample (traditional melt/quench protocol); sample is 1”
in diameter and 2.5 mm in thickness. B, Hand polished, 100 g UCF melt; sample is 30 mm in diameter and 2 mm in thickness
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glass thicknesses of 2-2.5 mm) of the first exploratory large
commercial melt produced as compared to the UCF small
melt. An IR camera provides qualitative indications of
defects but provides no quantitative measure of density or
index variation. In Figure 4A, the exploratory commercial
melt exhibits one large defect within a reasonably homoge-
neous slice. The quench/cooling method and large melting
vessel's size greatly reduces the turbulent flow of the melt
during the quench compared to the extremely aggressive
lab scale melts which are quenched rapidly via active
(forced air) cooling. The nonuniformity of such cooling
gives rise to turbulence during the quench leading to the
strong striae seen in small 100 g melt. Figure 5 illustrates
the spatial variation in refractive index across a section of
large (1325 g) and small (100 g) melt samples as measured
in a Mach-Zehnder interferometer system (A = 4.5905 pm)
at the University of Rochester.

As qualitatively shown in Figures 4 and 5 quantitatively
reflects the impact of melt size on measured refractive
index and optical homogeneity. The result of the AMI
glass’ slower quenching yields a much more uniform
refractive index map as compared to the small melt which
shows the variation in index that accompanies the density
variations related to striae. While the magnitude of index
variation is still large for precision optical applications
(which typically dictate a refractive index homogeneity of
An of ~107* or better), the spatial comparison of index
uniformity between such radically different thermal history
is noted. These data provide a much clearer representation
of the significant density fluctuations caused by the turbu-
lent melt conditions during the lab-scale melt's quench. The
index map shows extremely good index uniformity in
1325 g glass except around the shown defect, with a nomi-
nal homogeneity (excluding the striae) of ~1.5 x 107
This is compared to the small melt variation which is one

(A)

An

<10°

" (B)

order of magnitude less (~1 x 1072), illustrating the impact
of the rapid quench protocol used.

Figure 6 shows the transmission spectra of the 20 PbSe
glasses for melts ranging from 40 to 1325 g in size. We
define the limits of the transmission window as 90% of the
maximum transmission. Small 40 g and 150 g melts were
found to have a short wavelength band-edge at 1.82 and
2.132 pm, respectively. The short-wave transmission edge
for 500 and 1325 g melts were found to be at 4.00 and
3.54 pm respectively. The shape of the short wavelength
edge of the glass provides insight into the magnitude of the
scattering loss induced by the droplets (their size and
index) and the index variation (difference) between the two
amorphous phases. While the glass remains amorphous, the
size of the droplets impacts the sharpness (steepness) of the
short wavelength edge shown in the FTIR spectra. The red
shift in large melt size is likely due to the fact that melts
of 500 and 1325 g size were cooled more slowly leading
to larger, as-quenched droplets of the secondary, amor-
phous phase as seen in TEM images of Figure 1. This is
perhaps the most important aspect of the scale-up protocol
to create high homogeneity, low (absorption + scatter) loss
optical glass, and the challenges of traditional melt-quench
protocols.

3.2 | Glass-ceramic properties as a function
of melt size

Nucleation-like and growth-like curves provide information
on the relative rates of nucleation and growth of crystals in
the glass matrix as a function of temperature, but do not
give absolute values of rates. To identify heat treatment
protocols that will yield “optimal” microstructures suitable
for optical applications, it is important to understand the
temperature regimes and rates for nucleation and growth in

%107
4

An

35

3

FIGURE 5 Large area refractive index homogeneity map (measured at A = 4.5905 pm for a sample from an exploratory commercial scale

AMI 1325 g melt (A) and a lab-scale 100 g melt (B) prepared at UCF
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well-separated
nucleation-like and growth-like curves. If the nucleation
and growth rate curves overlap in temperature space, heat
treatments in the overlap region lead to a broader size dis-
tribution of crystallites, as early nuclei grow while new
nuclei form. Good separation of the two rate curves allows
for the implementation of a two-step heat treatment where
the first step nucleates crystals in the matrix without appre-
ciable crystal growth and the second step grows the previ-
ously nucleated crystals without creating additional nuclei.
This two-step heat treatment procedure typically yields
crystals with a narrow size distribution, desirable in optical
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FIGURE 6 FTIR spectra of the base glasses with the melt size.
Spectra are corrected for thickness and Fresnel losses

order to control the number and size of crystals in the glass
matrix. These quantitative data can then be used to define
the suitable temperatures and times for heat treatments used
to generate crystals with controlled number density (de-
fined by the nucleation step) and final size (defined in the

growth step). Ideally, a theoretical model material for
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Nucleation-like and growth-like curves were determined
for the four (4) melts examined in our study. The variation
in these rate curves with temperature are shown in Fig-
ure 7. Figure 7A and B, highlight the variation in curve
separation between the largest (1325 g) and smallest (40 g)
melt. As one might expect, the slower cooling rate of the
large melt reduces the separation between the nucleation
and growth curves as compared to the smaller, more
rapidly quenched 40 g melt volume. While the onset tem-
perature of the nucleation curve shows little difference (de-
spite a possible variation in the number density (higher) of
quenched-in nuclei in the larger melt), the presence of
these nuclei are noted in the earlier onset temperature for
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—e— Growth
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2
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FIGURE 7 Nucleation-like and growth-like curves for the 40 g melt (A) and 1325 g melt (B); comparison of the location of the temperature

maxima of nucleation (C) and growth curves (D) for 20 PbSe glasses as a function of melt size
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crystal growth in Figure 7B. A measurable increase in
growth rate not present until after 260°C for the small melt,
occurs earlier (near 240°C) in the large melt. This is likely
due to a larger concentration of as-quench nuclei present in
the larger melt, which can initiate growth sooner, at a
lower temperature. The positions of both peak rates and
onset temperatures are extremely important as they are used
to define the heat treatment protocols used to create glass-
ceramic. As seen in Figure 7C, the nucleation regime for
all glasses starts near 190°C, exhibit a maximum nucleation
rate in the 210-220°C range, which then decreases back to
near zero at 240°C. The variation in growth rate with melt
size can clearly be seen in Figure 7D. The onset tempera-
ture in each melt's growth rate curve shifts to higher tem-
peratures as melt size is reduced. This variation can likely
be correlated with fewer growth sites (nuclei) in smaller,
more rapidly cooled melts.

Figure 7 also illustrates a clear separation between the
nucleation-like and growth-like curves, an aspect that is
desirable for making glass-ceramics based on a thermally
separated, two-step heat treatment protocol. As the growth
regime doesn't begin until ~20-25°C after the nucleation
regime ends, this separation defines the material's ‘process
window’, the regime where no (or few) new nuclei should
form while the existing nuclei will grow. This is a desir-
able attribute because for optical applications a narrow size
distribution of crystallites ensure a lower level of scatter.
The process window data was used to define the referenced
two step time/temperature regime used on for all melts.
The nucleation heat treatment was chosen to be at the max-
imum nucleation rate where zero growth rate was seen. For
all melt size glasses nucleation was performed at 220°C for
2 hours while three (different) growth heat treatments were
investigated for 30 minutes at temperatures of 250, 260 or

270°C. These three temperatures were chosen to examine
the extent of crystallization and the formation of possible
(multiple) crystal phases that might form (as suggested in
the DSC data) with varying growth rates. Note that the
growth-like curve determination protocol was only applied
to the most intense, lowest temperature crystallization peak
in the DSC spectra. Hence, growth rates are really only
indicative of that specific phase's crystallization behavior, a
limitation of analysis if we expect multiple crystal phases
to form as we do here. Figure 7C and D clearly illustrate
the effect of changing melt size on nucleation and growth
rate curves for the 20 PbSe composition.

Figure 8A and E show representative high resolution
BF TEM images collected from 40 and 1325 g samples,
heat treated with a growth protocol of 30 minutes at 270°C
where secondary phases with crystalline fringes are
observed to be embedded in an amorphous matrix. The
glass-ceramic nanocomposite morphology is further con-
firmed by corresponding SAED patterns collected from the
entire region in Figure 8A and E which illustrate the co-
existence of crystalline spots and diffuse rings, as shown in
Figure 8B and F, respectively. To identify the type of crys-
talline phases, interplanar spacings were extracted from
local regions in Figure 8A and E (highlighted by the dotted
squares), as shown in Figure 8C and G, respectively. Fig-
ure 8D and H shows corresponding FFT images which
were subsequently collected from the image in Figure 8C
and D to identify the lattice symmetries of the crystals,
respectively. The extracted interplanar spacing of ~3A with
their cubic lattice symmetries closely match the reported
value for {200} planes of crystalline PbSe,*® indicating the
heat treatment-induced crystallization of Pb-rich secondary
phases in parent base samples and the resulting growth of
PbSe nanocrystals. While this is not the only crystal phase

FIGURE 8 Bright field transmission electron microscope (BF TEM) images, selected area electron diffraction (SAED) patterns, enlarged

images of crystals, and fast Fourier transform (FFT) images for 40 g (A-D) and 1325 g (E-H) melt size glass-ceramics upon nucleation and

growth heat treatment for 30 minutes at 270°C
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formed upon heat treatment, it is the dominant PbSe high
index (n ~ 4 in the IR) phase that will have the largest con-
tribution to the glass ceramic's increase in effective refrac-
tive index.

On the basis of TEM results (Figure 8), XRD scans
were carried out to identify and confirm the crystallizing
phases in the glassy matrix resulting from the noted heat
treatment protocol. XRD was performed on bulk samples
from all the nucleated (220°C-2 hours) and growth heat
treatments of 260 and 270°C in order to identify the pre-
cipitating crystal phase(s) and to see at what temperature,
detectable crystallization occurs. At the very early stages of
heat treatment for the nucleation + 250°C-30 minutes sam-
ples, no signs of crystalline phase formation can be
observed. Figure 9 shows the overlay of the base glass,
nucleation + 260°C-30 minutes, and nucleation + 270°C-
30 minutes samples. The nucleation + 260°C-30 minutes
spectra look very similar to the base curve, but has new
crystal peaks at 20 values of approximately 18, 30, 31, and
31.5°. The peaks after nucleation + 260°C-30 minutes are
more clearly defined in the 1325 g melt as compared to the
40 g sample, likely because of the earlier onset of the crys-
tal growth suggested in data in Figure 7D. Both samples
that underwent the higher temperature growth treatment at
270°C revealed crystal peaks after heat treatment exhibiting
a more crystallized, higher volume fraction than the lower
heat treatment temperature samples. What is important for
our scale-up comparison is that the same phases are clearly
evident but evolve at different rates, consistent with infer-
ences predicted in the nucleation and growth rate data.

Key observations of phase evolution differences related
to melt size, while present, are minor. Crystal phases
formed in both melts are the same, with minor variations
in phase fraction(s) estimated by examining peak intensi-
ties. Comparing the fractions of desirable high- index crys-
tal phases (PbSe - pink cross, and Ge, (PbSe) g9 - orange
circle) within the lower index glassy phases that define the
nanocomposite's index modification as compared to the
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parent glass, one might infer a minor variation (increase) in
these phases in the larger melt as compared to the smaller
melt size. Perhaps more impactful to the nanocomposite's
resulting index after heat treatment, the 40 g melt can be
seen to have a slightly higher fraction of As-Se phases
(AsySes - blue stars, and AsSe - green diamonds). Since
the refractive index of these crystals are very similar to that
of the parent glass, their formation and presence has little
to no impact on any increase in the nanocomposite's result-
ing effective index, a primary goal of our GRIN applica-
tion. These qualitative observations of the XRD data, are
validated in the A = 4.515 pm refractive index data shown
below.

As shown in Figure 10, the material's refractive index is
significantly impacted by the various heat treatments used.
The density values shown for all as-melted glasses in
Table 2, exhibit thermal history related variation, whereby
slower cooled glasses have a smaller molar volume, and
thus, higher density. This effect extends to the index prop-
erty for other base glass samples, regardless of melt size.
As seen in Figure 10, the refractive index at 4.515 pm of
the heat-treated materials (depicted in Figure 10 for the
small 40 g and largest 1325 g melts only), decreases from
2.8440 to 2.8309 for 40 g and from 2.8494 to 2.8404 for
1325 g melt size after the nucleation heat treatment. The
subsequent growth heat treatments at 250, 260, and 270°C
increase the refractive index up to 2.8723 and 2.8925 for
40 and 1325 g, respectively. The initial decrease in index
with nucleation is likely caused by additional changes in
the extent of phase separation and has been observed
across the GAP-Se series. This changes the composition of
the residual glass, which then participates in crystallization,
during the heat treatment processes. The subsequent
increase in index is caused by the growth of Pb-containing
crystals with higher refractive index to the point where
their volume fraction becomes significant. Eventually, the
Pb available to participate in formation of the high index
phase(s) will be depleted and any further increase in index
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XRD patterns of selected melts (A) 40 g and (B) 1325 g following nucleation and growth heat treatment at 250, 260, and 270°C
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FIGURE 10 Change in refractive index measured at
A = 4.515 pm after heat treatment for 40 and 1325 g melts. Error is
within the size of the data points

would be expected to saturate. While this has been
observed in higher Pb-content (40 PbSe) thin films® where
laser exposure was used to nucleate the high index phase
(followed by a homogeneous growth step), no indication of
saturation is seen under the heat treatment conditions
employed here. This concurrent process of low and high
refractive index phase formation of varying crystal phases
is also reflected in the postheat-treated glass-ceramic's
transmission, and substantiated by the XRD data presented.

Figure 11 shows the transmittance spectra of the base
and heat-treated glass-ceramic composites for the 40 and
1325 g melts. The nucleation step slightly red-shifts the
cutoff but the slight increase in phase separation noted
above for both large and small melt sizes, does not
adversely affect transmission. Further heat treatment to
form a glass ceramic changes the refractive index of 20
PbSe glass and also causes the short wavelength edge to
shift to higher wavelengths, due to an increase in scattering
associated with nanocrystal phase formation. This scattering
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is more pronounced for large melts where preheat treatment
droplet size is larger but lower in Pb content. Here the
index difference between amorphous phases is small, as
compared to the large index contrast in the many small
droplets found in small melts. Thus, it can be surmised that
the scatter's size, rather than index difference is defining
the scatter. The subsequent growth heat treatments increase
the presence of high index PbSe containing phases (as well
as some similar index crystalline As,Se; and Se phases).
While these crystallites have indices similar to surrounding
parent glass they do not appreciably contribute to the effec-
tive refractive index change, but they do have a role in
reducing transmission by scattering, due to their presence.
Growth at 270°C noticeably shifts the cutoff to higher
wavelengths with a large change in index (due to more low
and high index phases formed). While these growth tem-
peratures show significant increases in the resulting effec-
tive refractive index change (dictated by the volume
fraction of high index nanocrystals in the remaining
depleted glassy matrix), the corresponding loss in transmis-
sion is unacceptable for the target application. Adjustments
to the growth protocols, as suggested by use of lower
growth temperatures are expected to be able to produce a
higher number density of crystals of a smaller size as sug-
gested by the 250°C heat treatment curves shown. Most
clearly evident is that the large number density of small
size, high Pb-content droplets present in the small melts
allow preservation of transmission at the expense of post-
heat treatment index change. Hence, further optimization
beyond that used in this study, would likely lead to an
acceptable, intermediate magnitude change in index, with
an acceptable MWIR transmission window.

4 | CONCLUSIONS

A series of 20GeSe,-60As,Se;-20PbSe (20 PbSe) GAP-Se
chalcogenide glasses of varying melt size were prepared and
characterized. Melt size spans small, lab-scale (40 g) up to
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FIGURE 11 FTIR transmission spectra of base and heat treated (A) 40 g (B) and 1325 g 20 PbSe glass. Sample thickness normalized to

2 mm. Not corrected for Fresnel loss
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commercially relevant melt sizes (1.325 kg), and due to this
variation in size and melt protocol, exhibit vastly different
thermal histories. Samples were evaluated to examine and
quantify the effect of these processing variables on starting
glass morphology (LLPS) and as-melted physical and opti-
cal properties. Optical and physical property variation was
shown to be directly related to thermal history as evidenced
by thermal and microscopic evaluation. Two glass-transition
temperatures were observed for three of the four examined
glasses and the size and composition of amorphous, Pb-rich
droplets in the TEM images illustrate the role of cooling rate
and melt size, on droplet morphology. No variation in total
droplet volume fraction was observed, however droplet size
directly correlated with melt size. Small melts were shown
to have a larger number of smaller, high Pb-content droplets
and droplet Pb increasing
droplet and melt size. While minimal variation in density,
hardness and refractive index of base glass was observed
with varying melt size, melt size and thermal history was
shown to largely influence the short wavelength transmis-
sion edge due to the scattering contribution imparted by the
secondary, high index droplet phase. Cooling rate was also
shown to have a significant effect on the presence of striae
and the melt's refractive index uniformity, quantified for
small (1.5 x 107>) and large melts (5 x 107).

Nucleation- and growth-like curves were generated for
glass from each of the four melt sizes. In evaluating the
key temperatures (temperature at which the rates are maxi-
mum, breadth of the rate curves) it was shown that melt
size does not impact the 20 PbSe melt nucleation rate but
the thermal history variation does impart a measurable vari-
ation on growth rates. Specifically, the onset of growth rate
curves shows an expected variation where the onset tem-
perature is lowest in larger melts likely due to the number
of as-quenched nuclei which would be expected to be lar-
ger in slower cooled melts. Temperatures extracted from
the nucleation and growth-like curves were used to define
a fixed, two-step heat treatment protocol which was applied
to all glasses to quantify the impact on resulting glass-cera-
mic property variation. Following heat treatment, refractive
index shows significant changes associated with the forma-
tion of higher index crystalline phases. The increase in
effective refractive index, n.s, after the heat treatment can
be directly correlated with the growth of Pb-rich crystal
phases in the composite which form along with other
phases, which have indices close to that of the parent glass
thereby not influencing the resulting composite's index.
Crystal phases were identified by TEM and XRD confirm-
ing formation of higher index, PbSe containing phase(s)
within the Pb-deficient matrix. Qualitative evaluation from
XRD and TEM of fraction of crystal phases showed little
variation in volume fractions of crystal phase between the
largest and smaller melt sizes, though crystallization was

content decreased with

SCIENCE

found to be dominant within the initially formed, Pb-rich
droplets.

These findings provide experimental evidence for the
variation in melt morphology and nanocomposite
microstructure with melt size, and the corresponding effect
in chalcogenide glass-ceramics at the micro-scale. The suit-
ability of using lab-scale data to predict the success of
commercial scale up has been confirmed, and thus suggests
how such experiments can be used to predict relevant opti-
cal and physical properties prior to initiating large-scale
manufacturing of exploratory melts. Such findings are use-
ful in directly comparing the tradeoff's related to manufac-
turing of components for IR GRIN applications, as

. . . 4
summarized in the recent review.*’
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