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Gradient Refractive Index

Infrared Glass—Ceramics with Multidispersion and Gradient

Refractive Index Attributes

Laura Sisken, Myungkoo Kang, Johann M. Veras, Charmayne Lonergan, Andrew Buff,
Anupama Yadav, Devon McClane, Cesar Blanco, Clara Rivero-Baleine, Theresa S. Mayer,

and Kathleen A. Richardson*

Infrared (IR) glass—ceramics (GCs) hold the potential to dramatically
expand the range of optical material solutions available for use in bulk and
planar optical systems in the IR. Current material solutions are limited to
single- or polycrystalline materials and traditional IR-transparent optical
glasses. GCs that can be processed with spatial control and extent of
induced crystallization present the opportunity to realize an effective refrac-
tive index variation, enabling arbitrary gradient refractive index elements
with tailored optical function. This work discusses the role of the parent
glass composition and morphology on nanocrystal phase formation in a
multicomponent chalcogenide glass. Through a two-step heat treatment
protocol, a Ge—As—Pb-Se glass is converted to an optical nanocomposite
where the type, volume fraction, and refractive index of the precipitated

crystalline phase(s) define the resulting nanocomposite’s optical properties.

This modification results in a giant variation in infrared Abbe number, the
magnitude of which can be tuned with control of crystal phase formation.
The impact of these attributes on the GCs’ refractive index, transmission,
dispersion, and thermo-optic coefficient is discussed. A systematic protocol
for engineering homogeneous or gradient changes in optical function is
presented and validated through experimental demonstration employing

1. Introduction

Infrared (IR) optical systems are increas-
ingly employed in nondefense applica-
tions including commercial IR cameras,!
automotive sensors,? defect detection in
manufacturing,’! in the medical field,
and in a range of other chemical/bio-
logical applications. A key reason for this
increased use correlates with the decrease
in price of the components needed to
build these systems, combined with an
increase in the availability of components.
Such IR systems have traditionally been
made of crystalline optical components,
based on materials which can be costly
to grow and subsequently manufacture
into parts. Chalcogenide glass (ChG)
optical elements can be less expensive to
process, can be compositionally tailored
toward specific optical properties, and are
readily fabricated into their desired form
via manufacturing processes such as pre-
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cision glass molding or single point dia-

mond turning.¥l Another way to further

reduce the cost of these systems without

degrading their performance is to add
optical functionality to the individual components through the
creation of gradient refractive index (GRIN) profiles within the
components. GRIN components offer the opportunity to reduce
the size, weight, and/or number of optical elements needed in
an optical system while still maintaining or improving the sys-
tem’s optical performance.”!

Multiple methods have been explored to realize GRIN
optical elements in the IR (as summarized in a recent review!®))
including stacking and pressing of glass layers,>'!l chemical
vapor deposition,l'Zl metamaterials,!3] and lithographic laser
patterning processes.!*) Recently, GRIN structures have been
demonstrated in IR optical glasses employing techniques
using solution processing to direct write/print multilayer struc-
tures,®1 and through gradients of nanorods of IR glasses with
differing refractive indices.'®! In addition, laser-induced crystal-
lization and/or vitrification has recently been shown to enable
spatial control of refractive index within a single, homogeneous
material. 51718 Recently, it has also been shown that through
the use of micropoling, one can induce local compositional

(1 0f 13) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

variation through a patterned electrode thereby modifying both
local refractive indext®192%1 and the glass’ nonlinear optical
properties resulting in spatially defined second harmonic
generation.821]

A strategy explored in the present effort is a first step in cre-
ating GRIN elements through spatial control of the formation of
secondary crystalline phase(s) to form an optical glass—ceramic
(GC) or nanocomposite in the GeSe,~As,Se;~PbSe (GAP-Se)
glass system. Demonstrated for a range of compositions suit-
able for use in the IR, this paper explores the role of as-formed
glass composition and morphology on resulting postheat treat-
ment microstructure. The specific heat treatment process
chosen to induce this microstructure can vary, and the actual
time duration and temperature choice of the heat treatment
will locally vary the volume fraction (and type) of nanocrystals
within the parent ChG matrix. The resulting nanocrystal-con-
taining glass formed is an optical nanocomposite, and spatial
variation of this nanocrystal distribution can thereby create
an effective refractive index gradient. Such an approach has
been recently employed to demonstrate this strategy forming
a focusing optic.l?¥ In order to maintain low optical loss, the
number density, type, and size of the crystallites must remain
small. Additionally, the crystal phase formed must possess low
absorption loss in the spectral region of interest. The shape and
magnitude of the refractive index gradient are defined by the
number density of the nanocrystallite phase(s) formed, as well
as their shape, size, refractive index, and spatial position within
the parent glass. By locally controlling the relative volume frac-
tion of crystal and glass phases, the gradient can be established.
This strategy to form a GRIN enables creation of a 3D, arbi-
trary GRIN profile (full spatial control of index in the x-, y-,
and z-directions). Such a profile can be spatially controlled by
employing a focused laser to initiate nucleation (a precursor to
crystallite growth) and/or growth of crystalline nuclei to realize
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a desired “filling fraction” within a now compositionally modi-
fied, lower refractive index base glass matrix. Design of the
desired index profile requires an understanding of the glass
science (parent glass nucleation and growth kinetics), the
preferential nature of crystallization of specific precipitating
phases, the resulting change in the base glass (now depleted
of crystal forming constituents), and the corresponding impact
of these variables on the resulting optical properties of the
nanocomposite GC. While complex in terms of variables, these
options provide a broad range of realizable attributes within a
single parent glass system subjected to a variety of processing
(nucleation plus growth) conditions.

2. Results and Discussion

Such a GRIN nanocomposite is depicted schematically in
Figure 1a, where the parent glass matrix has a lower refractive
index than that of nanocrystals formed through thermal nuclea-
tion and growth protocols. In addition to generating changes
in optical properties, the postheat-treated GC also exhibits
changes in other properties such as glass transition tempera-
ture, Vickers microhardness, density, and thermal properties
as discussed in detail elsewhere.?3] This multiphase, nano-
composite approach has been demonstrated in thin films of
the same GAP-Se glass compositions examined here.'”] The
GAP-Se glass system has been shown to exhibit a wide range
of glass-forming abilities as shown in Figure 1b?* where the
authors evaluated the ability of select compositions of glasses
to form GCs upon thermal heat treatment but did not consider
the possibility of spatially varying the location and/or concen-
tration of the precipitated phase within the glass matrix or
the effects of the crystalline phases on optical properties other
than transmission. In the present study, the aim has been to

%(P
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Figure 1. a) A schematic of a ChG-based optical nanocomposite GRIN element formed from 1) a crystal-free base glass; 2) glass with spatially dis-
persed nuclei (red circles) with a graded concentration profile; 3) conversion of nuclei with a further (growth) heat treatment to yield crystals (green
squares) at the sites of prior nucleation (only) and not in areas that were not prenucleated; this variation in number density of high-index nanocrystals
within a low-index parent glass matrix results in 4) an effective refractive index variation directly proportional to the local variation in the volume frac-
tion of crystals and the refractive indices of the crystalline phases present. b) The glass-forming region of the GeSe,—~As,Se;—PbSe ternary as originally
investigated by Yang et al.?!l and those compositions (green circles) investigated in this study. The region to the left of the red line defines the glass
forming region whereas glasses to the right of this line crystallize. The compositions along the green dots represent the tie line of base glasses with a
constant GeSe;,:3As;Sej; ratio with additions of PbSe ranging from 0 to 40 mol%.
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evaluate how the amount of PbSe in the parent glass impacts
the starting glass’ morphology and optical properties, and
affects the crystal phase formation upon heat treatment. The
resulting GC’s microstructure defines the optical properties
of the nanocomposite and is directly related to these variables.
The tie line defined by a line connecting the green dots shown
in Figure 1b illustrates the compositional space investigated in
the present study, where laboratory prepared melt-quenched
base glasses of constant GeSe,:3As,Se; ratio with additions of
PbSe (ranging from 0-40 mol%) were prepared. As previously
noted, these GAP-Se base glasses exhibit a systematic variation
in thermomechanical and other physical properties with PbSe
addition as reported for bulk glasses?® and can be used to form
ultralow dispersion GRIN optics as demonstrated in films.['”]
Glasses within the same system have served as a basis for dem-
onstration of a 3D GRIN structure,??l and can be scaled from
laboratory to commercial scale demonstrating the manufactur-
ability of low-loss GRIN materials suitable for the mid-wave IR
(MWIR).[23’26]

As pertinent background to the present study, within the
composition space of traditional melt-derived glasses ranging
from 0 to 55 mol% PbSe (0-17.6 at% PDb), the resulting glasses,
while amorphous, exhibit liquid-liquid phase separation
(LLPS) consisting of Pb-rich and Pb-deficient glass phases.l*] A
broad immiscibility dome seen across the glass-forming region
(between =10 and 45 mol% PbSe) of the studied tie line has
been shown to have a direct impact on the composition of the
precipitated crystal phase and that of the residual glass matrix
in the postcrystallized GC.2*?”! It should be noted that in a
similar nonstoichiometric composition made from the same
elemental starting materials, (Ge;pAsioSeg)i_PbSe,, extensive
phase separation was also reported, which suggests that phase
separation may be common to compositions containing these
elements.?®3% As quantified by thermal analysis and differen-
tial scanning calorimetry (DSC) measurements, increasing Pb
content leads to a lowering of the glass’ stability, enhancing the
likelihood of devitrification.?3] Thus, in the case of a glass with
a droplet/matrix morphology, it is likely that the Pb-rich glass
phase will be where crystallization occurs first. Additionally,
the boundaries between the dissimilar glassy phases may also
serve as heterogeneous nucleation sites, though crystallization
has not been explicitly observed at this interface, in the present
effort.[23]

Due to the nonhomogeneous nature of the parent glasses at
high PbSe levels, a further description of the starting glass mor-
phology examined here is warranted, as this morphology will
define the postheat-treated GCs microstructure and as will be
shown, the evolution of novel optical properties. As previously
reported?>3132 and noted above, the base glass morphology
across the (GeSe,—3As,Ses);_PbSe, series exhibits liquid-liquid
phase separation, and glasses within the midrange of compo-
sitions (x = 10-40 mol% PbSe) are dominated by metastable
phase separation (droplet/matrix morphology) with a narrow
range of unstable (spinodal decomposition) morphology.?*!
This behavior will ultimately influence the probability of suc-
cessful conversion from glass to a low-optical-loss GC, and
the magnitude of postheat-treated physical property change.
Shown explicitly in this study, we confirm that the dominant
crystalline phases formed and the composite’s refractive index
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are dictated by the low-stability Pb-rich phase within the parent
glass as characterized by a lower AT (where AT = T, — T),
where T, and T, correspond to the glass’ crystallization
temperature and transition temperature, respectively (see the
Supporting Information). With increasing Pb content across
the GAP-Se series, variations in material morphology (both
droplet size and Pb content of the droplet or matrix) occur in
the Pb-rich phase. Both of these attributes influence the type
and number of crystalline phases formed upon heat treat-
ment. The size of the droplet phase for the series examined
here varies with Pb-content despite all glasses having the same
melt size and thermal (melt/quench) history. Over the range
of compositions of interest here, the size of the Pb-rich drop-
lets increases as they are first observed (near =10 mol% PbSe)
and as the PbSe content approaches =25-30 mol%. Following
a small region of spinodal decomposition between 30 and
35 mol%, the material then exhibits a droplet/matrix mor-
phology comprised of Pb-deficient droplets in a Pb-rich matrix,
where droplet size decreases with increasing PbSe. These
regions of morphological transition (=10 mol% PbSe: transi-
tion from a homogeneous glass to a phase-separated material,
25%: transition from Pb-rich droplet to spinodal, 35%: transi-
tion to Pb-deficient droplets) would be compositional thresh-
olds where transitions in pre- and postheat treatment optical
property trends would likely occur and be expected to be most
pronounced. Such observations are specifically reported in the
findings below. This background provides context as to how the
GC microstructure resulting from the nucleation and growth
protocols used in this study is directly correlated to starting
glass morphology as well as resulting changes in postheat-
treated optical properties.

Discussed herein are comparisons of pre- and postheat-
treated optical properties for (GeSe,~3As,Ses);_,PbSe, glasses
prepared with x = 0-40 mol% in 5 mol% increments. In all
cases, glasses were nucleated at their T, and then grown at the
temperature corresponding to the peak (T;) of the first crystal-
lization exotherm as observed by DSC. As heat treatment of the
base glass gives rise to changes in the optical properties of the
resulting GC, the magnitude and sign of these changes were
quantified with composition and related starting morphology
to assess the role of ceramization on the resulting nano-
composite’s optical properties. The type and volume fraction
of crystal species in the resulting GC were examined to see if
the optical changes were attributable to structural re-arrange-
ment or crystallization. Additionally, the crystal phase identity,
refractive index, and volume fraction were used to model and
interpret the resulting nanocomposite’s effective refractive
index. The correlation in changes of optical properties upon
this “fixed” nucleation and growth protocol (determined from
prior measurements of nucleation- and growth-like curves
for these glasses?’)) has been compared to evaluate trends in
postprocessed GCs that would guide design inputs required
for optical system design by defining end points of (property)
change for these materials. Key thermal properties of glasses
used for determination of nucleation and growth curves are
included in the Supporting Information.

X-ray diffraction (XRD) was used to verify that the parent,
as-melted base glasses were amorphous and to determine the
type and volume fraction of the various crystal phases present
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Figure 2. XRD spectra of the postheat-treated samples for the compo-
sitional series where PbSe content varies from 5 to 40 mol% PbSe. The
x = 0 mol% PbSe spectrum was added as a reference for the Pb-free
Ge-As-Se base glass. Crystal phase identities for peaks shown are indi-
cated by the symbols corresponding to Geg1PbgoSey o, As,Ses, PbSe, and
Se.

in the nucleated [N] and grown [G] samples. An explanation
of how we calibrated volume fractions and considered Pb in
residual glass not participating in crystallization for the XRD
data is discussed in the “Experimental Section.” The XRD
spectra of the nucleated and grown [N+G] samples are shown
in Figure 2 where the type of crystal phases formed is identified
and defined in the legend. The type and volume fraction of
each crystal phase identified from XRD data are summarized in
Table 1. The 0 mol% PbSe (Pb-free) glass sample did not have
heat treatment performed on it as the material did not exhibit a
crystallization exotherm; however, its XRD spectrum was added
as a representative indication of the Pb-free Ge-As-Se network
for the base glass. As can be seen, the position of this amor-
phous hump associated with the glass’ network did not change
significantly across the Pb-series’ composition range con-
firming that the PbSe addition does little to modify the glass’

Table 1. The volume fractions (V,) of each crystal phase present in the post-heat-treated

glass—ceramic as determined via XRD as a function of PbSe content.

backbone. The 5 mol% PbSe glass remained amorphous upon
heat treatment, which is likely due to the relative stability of the
parent glass phase (AT =150 °C) and the lack of any evidence of
liquid-liquid phase separation or presence of a segregated Pb-
rich phase in the base glass. This suggests that the 5-10 mol%
PbSe level represents a lower boundary of Pb concentration in
the matrix where glass stability is retained upon heat treatment
in the material as the heat treatment protocol used here shows
no evidence of crystal phase formation. That said, other heat
treatment protocols not examined in the present study for
longer times or for the same time at higher temperatures may
show crystal formation. A distinct change in the XRD spectra
from 10 to 35 mol% PDbSe can be observed. For compositions
between 10 and 30 mol% PbSe, the primary crystal phases iden-
tified following heat treatment were Gej ;PbgoSe; o and As,Se;,
and as the amount of Pb was increased further, the volume
fraction of the GejPbj¢Se; o crystal was seen to increase with
minimal change in the volume fraction of the As,Se; crystal.
At a level of 35 mol% PbSe (within the spinodal decomposi-
tion region), a transition of crystal phases formed was observed.
Here, Gey;PbjoSe;, crystals were no longer observed in the
glass—ceramic. Meanwhile, PbSe and Se crystals emerged while
the As,Se; remained present. The large changes in composi-
tion that are observed in the low PbSe glasses are likely due
to the concentration of Pb in the amorphous droplet phase
changing significantly as the amount of PbSe is increased up
to the region of spinodal decomposition where the glass’ mor-
phology changes from distinct droplets to a more “sponge-like”
interconnected two-phase network with a more gradual transi-
tion between dissimilar compositional regions.?!

Within the spinodal region which extends between =25 and
35 mol% PbSe, a clear change in the glass—ceramic’s postheat-
treated microstructure is seen. Here new peaks for the high-
index binary PbSe crystals as well as a small peak for Se are
observed. This transition is consistent with previously reported
X-ray energy dispersive spectroscopy (XEDS) data which
showed no Pb-dominant droplet/matrix phase present; rather, a
truly interconnected glass morphology comprised of regions of
Pb-rich and Pb-deficient phases (with corresponding variation
in the other glass’ constituents) co-exists with gradual composi-
tional boundaries.?’! Beyond this region (i.e., at higher levels of
35 and 40 mol% PbSe), XRD patterns exhibit crystal phase con-
tent dominated by the Pb-rich matrix phase.
Here, the ternary Ge,Pby¢Se; o crystal is no
longer observed, replaced by the cubic binary

PbSe crystals initially appearing as part of a

PbSe mol%  V, Geg1PbgoSero Vi As,Ses V, PbSe V,Se Total V, crystal Total V; glass broad peak in the 30 mol% PbSe spectrum
) ] el ) el el near 260 = 30° and 44°. Also emerging in this
0% =0 =0 =0 =0 =0 100 higher PbSe region is the signature for Se
5% ~0 ~0 ~0 -0 =0 100 crystals. These features confirm crystalliza-
10% 396 16.82 -0 -0 20.08 76.92 tion maltked by a Chan.ge in t.he. }'egion of Pb
segregation. While still exhibiting droplet/
15% 4.22 12.35 =0 =0 16.57 83.43 . .
matrix morphology at the higher levels of
20% 544 13.36 =0 =0 18.30 81.20 35 and 40 mol% PbSe, Pb is now dominant
25% 5.76 11.31 =0 =~0 17.06 82.94 in the matrix of the parent glass with much
30% -0 11.68 5.94 292 2053 79.47 lower concentrations of Pb found in the Pb-
35% - 13.46 952 337 26.35 7365 deﬁc1§nt droplets. A. concurrent Fhange is
seen in the other primary crystalline phase
40% ~0 14.07 10.45 3.52 28.04 71.96

within the higher Pb GCs, specifically for
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As;Se;, where the volume fraction of these crystals is seen to
decrease slightly across the 30-40 mol% PbSe composition
range. Beyond this level, the ratio of all three crystals (PbSe,
Se, and As,Se;) remained essentially constant in the 35 and
40 mol% PbSe glasses, with a concurrent increase in the total
volume fraction of all crystals as PbSe mol% increases. This
phase evolution is consistent with our interpretation that addi-
tional Pb into the already Pb-rich matrix provides both Pb and
Se needed to precipitate each as crystalline phases, with a con-
current reduction of these species in the residual glassy phase.
Such variation, as described in the following sections, allows
us to interpret both the contributions to the effective refractive
index and dispersion behavior of the GC and the optical trans-
mission which is impacted by the presence of both isotropic
(PbSe) and anisotropic (Se, As,Se;) precipitated phases.
Postheat treatment microstructure was investigated on select
compositions in order to determine the type and morphology of
crystals that formed and the impact of the precipitated crystals
on both the nanocomposite’s refractive index and dispersion
change and its transmission loss/scattering. Since parent base
glasses with 20 and 40 mol% PbSe possess two distinct, inverse
starting morphologies,?3?>31 transmission electron micro-
scopy (TEM) images were collected from post-heat-treated sam-
ples of the two compositions along with corresponding XEDS
images and selected area electron diffraction (SAED) patterns,
to examine the resulting GC’s nanoscale microstruture across
this composition space. Figure 3a shows a dark field (DF) TEM
image collected from a GC with 20 mol% PbSe where highly
asymmetric, bright particles are distributed in a dark matrix.
The contrast in brightness between the particles and the matrix

(f)
Gey 1PbygSe; o
{440} Ge, 1Pb, ¢Se, o

\/\‘jm

As,Se,
{025)

indicates that the atomic percentage of heavy elements in the
particles is greater than that in the matrix. XEDS element
maps shown in Figure 3b-e clearly indicate that the distribu-
tion of Pb, the heaviest element in the glass, matches that of
the bright particles while other constituents have relatively
uniform spatial distribution. Figure 3f shows a corresponding
SAED pattern where spots corresponding to the two crystalline
phases of GejPbgoSe; o and As,Se; are clearly evident, along
with diffuse rings corresponding to an amorphous matrix. For
the GC formed from the glass with 40 mol% PbSe, asymmetric,
bright phases are interconnected, forming a matrix while dark
phases are surrounded by the bright network phase, illustra-
tive of particles, as shown in Figure 3g. XEDS element maps
indicate that the distribution of Pb in this case matches that of
the bright matrix while other constituents have similarly uni-
form spatial distribution, as shown in Figure 3h-k. Figure 31
shows a SAED pattern which includes spots corresponding to
three crystalline phases of PbSe, As,Ses, and Se, along with dif-
fuse rings corresponding to an amorphous matrix. The TEM
data presented here confirm that i) the co-existence of Pb-rich
and Pb-deficient phases in the starting parent glasses is main-
tained throughout heat treatment; ii) the Pb-rich phases are
exclusively crystallized upon heat treatment; and iii) the types
of crystalline phases identified are consistent with those seen
in XRD data. As discussed in subsequent sections, such micro-
structural variation contributes to both the absorption and
scatter loss seen in the change in transmissive properties of
the glass—ceramic and the position of the short-wave transmis-
sion cut-off as well as other important optical properties of the
resulting composite.

Figure 3. a) A DF TEM image collected from a post-heat-treated sample with 20 mol% PbSe along with XEDS element maps of b) Pb, c) Se, d) As,
e) Ge, and f) the corresponding SAED pattern. g) A DF TEM image collected from a post-heat-treated sample with 40 mol% PbSe along with XEDS
element maps of h) Pb, i) Se, j) As, and k) Ge and |) a corresponding SAED pattern.
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As the primary application of the GAP-Se optical nano-
composite developed here has been for use in the MWIR, the
refractive index for the base GAP-Se glasses and GC materials
was measured in the MWIR (at A = 4.515 um) at 30 °C. Index
data are shown as a function of parent glass PbSe (mol%) con-
tent in Figure 4a. For the base glass, one can observe a mono-
tonic, though slightly exponential, increase in refractive index
with an increase of Pb content in the glass. This can be correlated
directly to the increasing content of the highly polarizable Pb
species. What is interesting is the fact that the broad varia-
tion in morphology (homogeneous glass, droplet/matrix, or
spinodal phase separation) across the series is not reflected in
the glass’ index behavior as compared to the delineation at these
boundaries seen in other optical and physical properties of the
parent glass.2%) However, the spatial position of the Pb defined
by the glass morphology does impact the postheat treatment
of microstructure and optical property transitions. As Pb is
known to destabilize the glass toward crystallization, Figure 4b
illustrates the impact of morphology on refractive index after
nucleation and growth [N+G] treatment. The overall increase in
the glass’ effective refractive index is observed as compared to
that of the Pb-free base glass (0 mol% PbSe), with the excep-
tion of the lowest PbSe-containing samples. It is also impor-
tant to note that following the 1 h nucleation-only step at the
glass transition temperature, all glasses showed an overall drop
in refractive index with a magnitude inversely proportional to
Pb content.33] Since there is little change in the postnucleated
glass’ transmission, which will be shown later and no modifica-
tion in the amorphous nature of the glass as observed by DSC
or XRD following this initial heat treatment step, this change
is likely due to subtle reorganization (relaxation) in the glass’
network yielding a decrease in density (and thus index) from its
as-quenched and annealed structure. These data are compared
to a calculated effective index for the GC approximated using

N
a rule of mixtures, ncec = Ve X Mo + Z(Vim Crysal X iy ) WheTE

i=1
the volume fractions of each crystal phase (Vi crystat) defined
by XRD and the refractive index (1, crystal) Of €ach crystal along
with the volume fraction of glass (Vgy.ss) and the parent glass’
initial refractive index (ngy.) are considered. Note that the true
residual glass’ index has not been used in the calculation. This
quantity, which cannot be experimentally measured, represents
a known error in the approximation since the depletion of the
crystal-forming species from the initial parent glass will modify
(reduce in this case) the residual glass’ index following crys-
tallite formation. A discussion on the approximation offered
through this equation has been previously reported in greater
detail for this system.[*?!

Higher Pb-containing materials possess a larger number of
larger (Pb) ions and thus these glasses have a corresponding
higher density and smaller molar volume. This results in the
decreasing molar volume with increasing PbSe as seen in
Figure 4c. Upon heat treatment, the regions with Pb in the
matrix (where crystallization of a higher density phase is larger)
give rise to a larger decrease in molar volume, illustrating the
impact of the microstructural changes on the glass’ network
variation. The trend in index change seen for the nucleated-only
glass is likely due to the structural role of the large Pb ion in the
glass network. While the Pb is segregated in droplets beyond a
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Figure 4. a) The base glass refractive index measured at A = 4.515 um
as a function of PbSe content. b) The change in refractive index following
a nucleation and growth [N+G] heat treatment. Calculated data points
represent an average effective refractive index based on volume fraction
of each crystal species and its respective refractive index, and that of
the remaining fraction of the parent glass. c) Molar volume for the base
(B) and nucleated and grown [N+G] samples. Coloration in background
illustrates the composition regions where transition from droplet/matrix
morphology (green) to spinodal morphology (yellow) occurs. The size of
error bars is smaller than the size of data points in all cases (<0.0015)

level of =10 mol% PbSe, its structural role acts to open the glass
network (as Pb can act as a modifier); at higher levels (where
it transitions to a role as a matrix species beyond a level of
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=35 mol% PbSe), it is believed that Pb transitions to a role as an
intermediate, possibly becoming an integral part of the glass’
backbone. Such a change in structural role for Pb has been
observed previously in high Pb-containing oxide glasses.*l
This interpretation supports evolutionary trends seen in other
physical properties where the addition of Pb results in a con-
current increase in density and index as well as changes in
T,.[») Lower Pb-containing glasses are also believed to possess
more three-coordinated As, as compared to four-coordinated
Ge or Pb; this lower constraint within the network may lead
to the postnucleation index drop. In other studies of Ge—As—Se
glasses, the lower Ge-containing glasses incurred a refractive
index drop upon heat treatment during molding processing.*!
The trends in the experimental data can be directly correlated
with crystal phases present and their type. Pb-containing crystal-
lites such as Gey;Pbj¢Se and PbSe generated within resulting
GCs upon heat treatment have refractive indices of =4 which are
far greater than that of base glasses which range from =2.70 to
=3.05. The amount of these high refractive index Pb-containing
crystallites, which can form, increases as the level of Pb present
in the parent base glasses increases. Therefore, An, which is the
difference in the refractive indices of a resulting glass—ceramic
nanocomposite and the respective starting glass, increases with
the molar percentage of PbSe. Specifically, recall glasses with
0 and 5 mol% PbSe show no evidence of crystallization upon
heat treatment via XRD, indicating no formation of any crystal
phase. For postheat treatment GCs with 10— 30 mol% PbSe, an
increase in the measured refractive index of the nanocomposite
occurs and appears to remain nominally constant for GCs with
20-30 mol% PbSe. This plateau is in agreement with the data
from XRD analysis which shows the total volume fraction of
crystals is nearly equivalent as shown in Table 1 despite the
types of crystals being slightly different. As Table 1 illustrates,
the post-heat-treated GC with 10 mol% PbSe has a smaller
volume fraction of the higher index Ge,PbjqSe; crystals as
compared to the GCs with 20-30 mol% PbSe, which causes its
index to be slightly lower despite having the same volume frac-
tion of “total” crystallization. The drop in refractive index for a
GC with 15 mol% PbSe is likely due to the total volume frac-
tion of crystal being the lowest observed (other than the glass
with no crystallization), perhaps imparted by an experimental
error in the measurement of index for this sample, as the heat
treatment clearly generates phase formation as shown by the
calculated index. This compositional region is also where the
base glass’ morphology transitions from Pb-rich droplets to a
Pb-rich matrix with a small spinodal region. Beyond a level of
30 mol% PbSe, there is a continual increase in refractive index
that tracks the increase in both Pb content and Pb-containing
crystal phases. This increase also tracks with an increase in the
total volume fraction of crystals present in the glass. The overlay
in data in Figure 4b compares the experimentally determined
indices to those calculated using the approximation of GC’s
index (ngc) described above. The calculated index shows a sim-
ilar trend as the measured index, but as can be seen in almost
all cases, the calculated index overestimates the experimentally
measured index. This is likely due to assumptions made in our
estimation, including that the refractive index of the remaining
(depleted) glassy phase is not modified after precipitation of
crystals from it; additionally, the presence of crystallite clusters
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(rather than discrete, discernable single-phase crystallites) pre-
vents our clear identification of individual sizes of crystals and
therefore introduces errors in precise determination of their
respective volume fractions. Both of these issues are likely the
primary contributors to the observed offset. XEDS enables map-
ping of composition; however, the technique’s spatial resolution
is insufficient to precisely quantify the residual glass’ depleted
composition or index. However, it should be noted that a sim-
ilar early indication of “nucleation” is also observed in the spa-
tial, compositional modification seen in initially homogeneous,
laser-nucleated glass films.?!! The fact that the measured and
calculated indices trend together strongly indicates that the
refractive index increase is dominated from the formation of
crystallites in the glassy network and the concurrent decrease
in the refractive index of the crystal phases’ constituents in the
residual glass matrix. Further efforts to quantify these subtle-
ties are ongoing.

While absolute index change is important in consideration
of use for GRIN applications, optical designers typically rely on
a material's dispersion over the target spectral window of use.
Refractive indices for the base GAP-Se glasses and GC materials
were measured at six wavelengths across the IR spectral range
at wavelengths of 1.88, 3.3, 4.515, 7.968, 9.294, and 10.717 um,
and measured indices were subsequently fitted with a Sell-

BA? DA’
PG 2
A, B, C, D, and E were determined.l31* These data are shown
in Figure 5a,b. With the Sellmeier coefficients for both base
and heat-treated samples in all composition domains studied,

Abbe numbers in the short-wave IR (SWIR) { Magum —1 J
Ni6pm ~ N2.4pm

and its coefficients of

meier function [n: A+

N1opm — 1

MWIR[ P ~ 1 J,and long-wave IR (LWIR)( were

N3ym — Msym Ngum — Migum
then extracted!'”:31:37] and plotted as a function of PbSe mol%, as
shown in Figure 5c. In Figure 5c, the Abbe number is shown
to decrease with PbSe addition up to a level of =25-30 mol%
PbSe. More importantly, we observe in Figure 5c that the Abbe
number is dramatically impacted (reduced) when the Pb is
present as a dominant species in the parent glass’ matrix. This
is evident in the higher dispersion of glasses dominated by a
Pb-rich matrix. The dispersion in all glasses further decreases
upon heat treatment and is most impacted by the types of crys-
tals formed and their (respective) dispersive behavior. A similar
trend in higher Pb-content GAP-Se films (40 mol% PbSe) was
also observed following laser-induced nucleation and subse-
quent heat treatment.'’! In the present bulk glasses, there is
a minimum in the Abbe numbers for both glass and GCs with
~25-30 mol% PbSe, which once again is likely due to the tran-
sition in morphology in this region with the glass’ Pb being
present in Pb-rich droplets below =25 mol% PbSe changing to
Pb within a Pb-rich matrix above 30 mol% PbSe.

The Pb-content variation in the GAP-Se glass series provides
a range of Abbe numbers for the optical designer to choose
from for chromatic correction. In the paraxial regime, the axial
chromatic aberration is mitigated with a doublet when the mag-
nitude of the Abbe number difference between the two lenses
is maximized. An achromatic doublet could be replaced by a
singlet with the addition of a GRIN component, as suggested in
ref. [38]. The larger the magnitude of the separation between the
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Figure 5. a) Multiwavelength refractive index dispersion for base (B) and nucleated and grown [N+G] samples of GAP-Se glass prior to and following
BA? DA?

nucleation and growth. Compositional evolution across 0-40 mol% PbSe series, fit to a Sellmeier function | n=,/A b) Sellmeier coef-

+12—C2+12—E2 N
N2.0um =1

Ngpm — 1 n -1
_2m | MWIR [—#m | and LWIR [ —%m —
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calculated using the Sellmeier coefficients for base glass (B) and GC following the defined two-step nucleation and growth [N+G] protocol.

ficients of A, B, C, D, and E extracted from the fitted curves. c) Abbe numbers in the SWIR [

its GRIN counterpart are comparable to the combination of
Si/Ge. Finally, in the LWIR, GAP-Se with 40 mol% PbSe and its
GRIN counterpart is almost comparable to ZnSe/Ge or ZnS/
Ge. Therefore, we confirm that GAP-Se glasses are good can-
didates for chromatic correction in all three bands, as defined
by this single, two-step heat treatment protocol. This means
that modification to the base glass value (through a change to
either the nucleation and/or growth time and/or temperature)
will alter the absolute position of the GC material's position on
these plots. To date, we have not defined the extremes of such
property tailoring (with the critical criteria that GC index and
dispersion change are limited by the point where optical degra-
dation in the form of scatter/absorption loss occurs). This sen-
sitivity analysis is ongoing.

The impact of the precipitated crystal phase(s) in the
resulting post-heat-treated GC will impact the transmission
characteristics of the resulting composite. Examining the

Abbe number of the base glass and the GRIN component, the
larger the potential for a GRIN achromatic singlet. The Abbe
number in a spectral band for the GRIN component is given

Ahmia

by the ratio , where An is the extreme refractive

Pshort — Anlong

index change at the short, mid, or long wavelength as indicated
by the subscript (see Figure 4 for the An for each Pb-content
at A = 4.515 um). Figure 6 shows the refractive index versus
the Abbe number for the GAP-Se bulk glasses with 0-40 mol%
PbSe and their equivalent GRIN counterpart for SWIR, MWIR,
and LWIR. Figure 6 also shows the same properties for other
common IR materials used in achromatic doublets, specifi-
cally, silicon, germanium, ZnS, ZnSe, and BaF,. The Abbe
number difference in the SWIR band between the GAP-Se
with 0 mol% PbSe and its GRIN counterpart is comparable to
the Abbe number difference of BaF, and ZnSe, but less than
that of BaF,/Si. In the MWIR, GAP-Se with 20 mol% PbSe and
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Figure 6. Abbe number versus the refractive index of selected IR materials and the GAP-Se glass and glass—ceramic materials at the mid-wavelength
for each band: SWIR, MWIR, and LWIR. Conventional IR materials are represented by the solid blue diamonds. The GAP-Se glasses and glass—ceramics
are represented by empty and solid markers, respectively. The empty markers correspond to the melt-quenched base glasses whereas the solid symbols
of the same color correspond to the candidate GRIN GAP-Se glass—ceramics following the defined two-step heat treatment protocol. Recall that the

An,
Abbe number for the GRIN lens is given by ﬁ
short ong

, Where An; is the extreme change of refractive index at the ith wavelength. Note that the

refractive index of the GRIN component is not defined necessarily by a single value. In order to compare the refractive index of each base sample and
its corresponding GRIN component, the refractive index between the base and the heat-treated sample is used for the solid markers.

transmission cut-off of the parent base glass, here defined as
the point of 90% of maximum transmission, one might expect
to observe a minor change in position with varying PbSe mol%
due to the nearly linear refractive index increase. However, we
also expect that it may be affected (or dominated) by the glass’
morphology. In both low and high PbSe-containing glasses, the
droplet-matrix morphology would be expected to contribute to
scatter loss. Similarly, while the index variation in glassy phases
present in the spinodal region is likely less, the volume frac-
tion of the secondary phase is higher in this region (spanning
=25-35 mol% PbSe). As the glass’ PbSe molar percentage
increases from 0% to =25%, the as-melted glass’ morphology
evolves from homogeneous to phase separated. This can be
either Pb-rich droplets in a Pb-deficient matrix or spinodal con-
figuration.?] This morphological variation leads to index vari-
ation in the glass phases inducing scatter loss. Hence, the size
of droplets or interconnected phases will lead to a decrease in
the glass’ transparency, inducing a redshift of its transmission
cut-off. As the percentage of PbSe increases further beyond
~25%, the morphology comes back to droplet-matrix configu-
ration now with Pb-deficient droplets in a Pb-rich matrix. This
change is expected to lead to an increase in its transparency as
the high index glass phase now comprises the matrix, thereby
reducing scatter loss and, in turn, resulting in a blueshift of the
glass’ transmission cut-off. The effect of these morphology dif-
ferences can clearly be seen in Figure 7a. One can observe the
emergence of a pronounced tail of the shortwave transmission
edge for the glass’ exhibiting phase separation region (onset just
beyond 10 mol% PbSe) where the secondary phases (droplets)
increase in size with increasing PbSe mol%. Beyond this com-
position space where spinodal decomposition begins to occur
(between 25 and 30 mol% PbSe), the morphology gives rise
to extensive scatter loss. The magnitude of this loss increases
with heat treatment. While there is a negligible change in
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the transmission cut-off position after nucleation, there is a
significant change in the transmission cut-off position upon
the growth of crystals, primarily due to scattering between
the precipitated crystals and the residual glass, as shown in
Figure 7b. The loss is most pronounced for mid Pb-content
glasses (=15-25 mol% PbSe) produced using the stated heat
treatment protocol, where the heat-treated samples are nearly
opaque. This corresponds to the growth region of large, aniso-
tropic crystals which would be expected to have large scattering
cross sections. The volume fraction of these large, anisotropic
crystals stays relatively constant across all the compositions,
at a level around 13 + 2%. For the higher Pb-content glasses
(beyond 35 mol% PbSe), the content of cubic PbSe, while small
in absolute quantity, becomes prominent, thereby enhancing
the contribution toward the resulting effective refractive index.
This results in much higher transparency across the full SWIR,
MWIR, and LWIR spectral regions as shown for the GC with
40 mol% PbSe following heat treatment in Figure 7c. Here, the
resulting nanocomposite exhibits an effective index change of
An = +0.12 following this specific heat treatment protocol, with
transparency largely maintained. This evolution highlights the
need to understand the parent glass’ morphology as well as the
specific crystallites that are grown and their volume fractions
associated with a specific heat treatment protocol. As noted
previously, the magnitude of such changes, both the index
change and expected scatter loss, is a direct impact of the time
and temperatures at which nucleation and growth occurs. As
only one thermal protocol has been employed here, these data
are thus representative of this single heat treatment protocol.
Other protocols would likely impart changes in the extent of
these property modifications. It is also important to note that
the transmission dips at =2.8 um, =6 um, and 8 um originate
from impurity constituents in the glass, namely O-H, H,O,
and Ge-O absorption bands, respectively.**!
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Figure 7. a) Normalized transmission spectra (all samples, 2 mm thick) for base glasses with PbSe mol% of 0-40% prior to heat treatment. b) The
short-wave transmission cut-off (uLm) is shown for base [B], nucleation-only [N], and nucleated and grown [N+G] samples as a function of PbSe content.
c) Normalized transmission for 2 mm thick base and post-heat-treated samples with 40 mol% PbSe. d) Values of dn/dT measured over AT = 90 °C
using the technique discussed previously®® are shown for glasses and GCs with 0, 20, and 40 mol% PbSe. dn/dT of a commercial GeAsSe glass
(SCHOTT IRG-24) over a similar temperature range is included for reference. Coloration in background illustrates transition from droplet/matrix

morphology (green) to spinodal morphology (yellow).

A secondary but equally important attribute of the nano-
composite is the material's thermo-optic coefficient, dn/dT.
Here, dn/dT was measured for glasses with 20 and 40 mol%
PbSe in order to see the influence on this property response to
temperature with the Pb species present in the droplet versus
the matrix phase, as shown in Figure 7d. Added for comparison
to the figure are the measured values for our 0% PbSe composi-
tion (Geg 5A837.55€56,5) as well as that of a similar commercial
reference glass IRG-24 glass (GejpAsyoSeso) manufactured by
SCHOTT. Y It should be noted that the methodology used by
SCHOTT to measure dn/dT is not identical to the protocol
used here, though the two methods have been compared pre-
viously.®>) As can be seen, dn/dT of the base glass increases
as the amount of Pb is increased from 0 to 40 mol% PbSe.
As discussed in both of these prior references, this evolution
can be related to both the index and the change in thermal
expansion coefficient of the respective glasses, though the latter
was not explicitly measured here. After ceramization, the glass
with 40 mol% PbSe exhibits a marked decrease in dn/dT and
was shown to be lower than that of the glass with 20 mol%
PbSe upon heat treatment. The nucleated and grown glass with
20 mol% PbSe does not exhibit a significant change in dn/dT.
This difference in behavior is likely due to the difference in the
crystal phases that have formed in the respective compositions
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upon heat treatment. As dn/dT of the composite is dependent
on the dn/dT of each crystal phase and its volume fraction as
well as the depleted glassy phase’s modified dn/dT following
departure of crystal phase forming species, all phases will
undergo changes in both index and thermal expansion upon
heat treatment. It is also likely that the crystallization of Pb-rich
phases contained in the matrix of the glass with 40 mol% PbSe
dominates the glass—ceramic composite’s resulting behavior,
with its minor Pb-deficient phase (richer in lower index As-Se
crystallite content) contributing less to the composite’s dn/dT.
These As—Se phases are in higher concentrations in the lower
Pb-content composite (20 mol% PbSe), as shown in Table 1,
whereas PbSe-containing crystals are fewer in the 20 mol%
composition as compared to the 40 mol% medium. The attrib-
utes of these respective regions are difficult to quantify but the
trends are consistent throughout.

3. Conclusion

In conclusion, multicomponent GAP-Se ChG glass and glass—
ceramic nanocomposites have been characterized for their
tailorable index, dispersion, and thermo-optic properties. The
evolution of these properties as a function of PbSe content has
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been related to the parent glass’ morphology (phase separa-
tion), and the role of this starting composition on the resulting
crystal phases precipitated using a defined heat treatment
protocol. Optical properties of each material were measured
pre- and postheat treatment to ascertain and correlate changes
associated with crystal phase formation. The change in material
properties following a fixed, two-step heat treatment has been
directly correlated with variation in quantity of the dominant
Pb-containing phases in the starting material. The type and
total volume fraction of crystalline phase(s) formed upon
heat treatment have been quantified, and it has been shown that
the relative amounts of the formed crystals are dependent on
the starting composition of the parent glass. Effective refractive
indices of the composites have been measured in the mid-wave
infrared and compared to that calculated based on an effective
medium approximation considering crystal type, volume fraction,
and depleted medium refractive index. The close correlation
of these data provides an excellent assessment of the materi-
al's post-heat treatment modification and the resulting optical
transmission, refractive index, and dispersion modification.
Lastly, the use of this fixed, two-step heat treatment results in
dramatic variations in Abbe number and material dispersion.
The variation in dispersion has been characterized in the near-,
mid-, and longwave infrared regions and is shown to vary
with Pb-content and the dominant phase within which the Pb
resides. While the pre- and postheat treatment optical proper-
ties exhibit a minima in Abbe number near the spinodal region
of morphology transition in each spectral region, the slope of
the changes varies significantly offering design options within
each of the spectral regions. The broadband index and disper-
sion attributes of the base glass and nanocomposites have been
compared with existing infrared optical materials and have
been shown to provide attributes that lend themselves to use
as color correction pairs in conventional optical designs. This
suggests that the large variation in Abbe number demonstrated
for this singular heat treatment protocol can be exploited to
enhance design strategies for specific applications through the
use of such optical nanocomposite materials. Furthermore, our
material and process can be applied to a wide variety of inte-
grated optical systems (bulk or film) where specific refractive
indices are needed to realize specific optical function of com-
ponents. For example, index matching materials in fiber optics
and antireflecting layers with specific indices are expected to be
greatly benefited by our novel technique.

4. Experimental Section

Glass Fabrication: Bulk glass GAP-Se glasses with compositions of
(GeSe;—3As,Ses) 1 PbSe,, with x = 0-40 mol% in 5 mol% increments,
were melted and quenched from elemental starting materials in small
40 g batches.?>%] The resulting 10 mm diameter rods of glass were
then annealed and sliced into =2 mm thick disks. These disks were then
double-sided polished with a PR Hoffman double-sided lapping machine
(PR-2) with a 5 um slurry. Final surfaces were hand-polished with a
0.05 um slurry, resulting in a nominal 18 £ 6 nm surface roughness.

Heat Treatments: Heat treatment steps were carried out in a muffle
furnace (ThermoScientific 48000) in air atmosphere calibrated with a
type K thermocouple that was placed next to the samples on the same
refractory brick. In order to systematically determine a nucleation and
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growth heat treatment protocol for the varying glass compositions
with limited prior knowledge of the nucleation and growth behavior
for each, the nucleation temperature was set to be the glass transition
temperature of each glass type and the growth temperature was set to
the peak of the first crystallization peak of each glass type as determined
by a DSC (Netzsch DSC 204 F1 Phoenix) and are shown in the
Supporting Information.’l Subsequent studies have further quantified
precise nucleation- and growth-like curves for glasses with 20 and
40 mol% PbSe, and these data are likewise included in the supplemental
information.[3] In the present study, the heat treatment times were
constant, with nucleation steps performed for an hour and growth
steps for 30 min. Samples were isothermally treated by placing them
inside the furnace after the furnace was at the targeted temperature for
nominally 30 min.

XRD Experiments: XRD was performed using a PANalytical Empyrean,
basic X-ray diffraction system with a beam power of 1.8 kW, a beam
wavelength of A¢, ko = 0.15418 nm, and a beam current of 40 mA at
room temperature. XRD measurements were performed on one base
and one nucleated and grown sample for each composition in order to
confirm that the base glass was amorphous and to identify crystal phases
that formed upon heat treatment. The XRD spectra were fitted with
peaks from crystals identified using SAED data collected from samples
with 20 and 40 mol% PbSe which underwent similar heat treatment.’]
The volume fractions of the different crystal phases present were also
measured based on the intensities of the crystal peaks. A correction
factor was found to not be necessary to account for Pb shielding from
the remaining glassy matrix by adding in known quantities of crystalline
PbSe to 0 and 40 mol% PbSe.

Electron Microscopy: TEM was performed on heat-treated glasses with
20 and 40 mol% PbSe. The images were obtained using 80-200 keV
voltage, 1 nA current, and 57-225k magnification. SAED was performed
on the heat-treated glasses to confirm crystallinity and identify the types
of crystals from the electron diffraction pattern. Cross-sectional TEM
samples were prepared by using a focused ion beam-assisted milling
followed by a lift-out process. This process was conducted using the FEI
Helios 660 dual-beam with carbon and Pt gas injection system (GIS).
XEDS was performed on the TEM samples to assess how the elements
are segregated in the glass.

Refractive Index Measurements: The refractive index was measured
on a Metricon prism coupler that was modified for use in the IR.[41-#4]
For each composition, room-temperature index measurements were
conducted on base and postheat-treated samples at six wavelengths
across the IR including 1.88, 3.3, 4.515, 7.968, 9.294, and 10.717 pm.
The experimental uncertainty of the measurement was typically on
the order of 107 refractive index units (RIU); however, can be better
in high quality, large melt specimens. Such sources of the uncertainty
are attributable to the spatial compositional and density variations
more prominent in small melt sizes, as well as inhomogeneous
surface topography of the test specimen. The indices were fitted with

w-ct e
MWIR (MJ, and LWIR ("“"‘7"‘_1) and Abbe numbers were

N3pm = Ay, Ngum — Maym

. 2 2 _
a Sellmeier curve [n= |a+- 22 D2 and SWIR Maom =1,
M 6um — N2.4um

then extracted from the fitted curves.l'7313637] dn/dT, the thermo-optic
coefficient, was measured at 4.515 um at temperatures of 30, 50, 70, and
90 °C and repeated in similar 20 °C steps from 90 to 30 °C. Appropriate
thermal holds were carried out at each step temperature. This thermal
protocol was carried out to ensure that there is no relaxation of the
glass at 90 °C that would alter the index upon cooling from the higher
temperature. A best-fit line of the data was used to calculate the dn/dT.
The error for this calculation is generally 10 ppm. Additionally, the same
dn/dt measurement protocol was employed on commercial reference
glasses to validate the reliability of this protocol. These commercial
glasses have their own published thermo-optic dn/dT values,
measured with a commercial analysis method that does not employ
an identical protocol used in this study.’> This results in an identical
slope of the dn/dT best fit line, but a vertical offset of the absolute index
values.
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Molar Volume: Molar volume was calculated by dividing the molar
mass of each glass by its measured density at room temperature.
Density measurements were conducted within an immersion fluid
of deionized water at room temperature using an AE Adams PGW
Balance.

Calculated Effective Refractive Index: XRD data were used to quantify
the volume fractions of the different crystals present, along with
measured 4.515 um refractive index values of the crystals; these
values include Geg;PbyoSe;o = 4.5, PbSe = 4.9, As,Se; = 2.7, and
Se = 2.79%4 to calculate the effective refractive index of the samples
by multiplying the volume fraction of each phase with its index and
then adding this value for the various phases identified via XRD. The
index of the residual glassy phase was not adjusted for Pb, As, Ge, or
As departure to form the crystalline species created, rather was held
at the refractive index of the base glass for each composition. Volume
fraction of glass was therefore determined to be 100% less the total
fraction crystallized.

Transmission Measurements: Each glass’ transmission window was
quantified for the base, nucleation-only, and nucleated and grown
samples. Transmission measurements were made using a CARY
500 UV-VIS spectrophotometer or a ThermoFisher Nicolet iS5 FTIR,
depending on the samples’ optical transmission cut-off. As the true
transmission cut-off is very difficult to measure accurately for bulk
glasses, here it is defined as a wavelength corresponding to 90% of the
maximum transmission. 43l

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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