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1. Introduction
Chalcogenide glasses (ChGs) have drawn great 
interest for their unique optical properties but are 
often limited by their weak thermal and mechanical 
properties.(1–3) With unique properties not exhibited 
by homogeneous glasses or mono- or polycrystalline 
ceramics, glass-ceramics (GCs) are often the preferred 
choice of materials in many technical, optical, medi-
cal, electrical and architectural fields.(4–8) Additional 
uses of GCs include unique materials for coatings 
and laser applications.(9,10) The attributes of glass-
ceramic materials are defined by the microstructure 
and composition of the crystalline phase and the 
(parent) glassy matrix phase developed during the 
manufacturing process. The ability to control the 
properties of both phases depends on the initial 
glass composition and by the heat treatment protocol 
used to convert glass to a glass-ceramic. Numerous 
references describe how this has been employed in 
commercial applications. (11–15)

Phase separation effects are of general interest 
in glass science, as it can give rise to pronounced 
changes in physical, thermal and optical properties 
of network glasses which may be useful or detrimen-

tal.(16,17) Detailed characteristics of phase separated 
glasses depend strongly on the nature and volume 
fraction of the phases developed. Most commercial 
glass-ceramic systems utilize homogeneous phase 
separation, as nucleation sites, to ensure heterogene-
ous nucleation to produce a rapidly nucleating glass 
ceramic via a reduced activation energy for crystal-
lization. Recent efforts to deliberately define ‘phase 
separable’, multicomponent glass compositions 
which serve as a process route to making fully crystal-
lized transparent ceramics, have shown promise with 
an ability to control crystal size and other attributes 
important for their use in optical applications (i.e. 
rare earth solubility, scatter),(18) or for engineering 
the linear and nonlinear optical properties of optical 
components.(19) Related efforts examining infrared 
(IR) glass-ceramics have been reported which may 
or may not (deliberately) exploit phase separation as 
a stepping stone to controlled crystallization.(13,14,20)

Oxide and non-oxide glasses possess compositions 
known to exhibit phase separation, though literature 
on specific aspects in non-oxide systems (such as 
phase diagrams and immiscibility boundaries) is 
limited with a few noteworthy exceptions.(21) As 
discussed below, such glass compositions possess 
large, positive enthalpies of mixing in the liquid state 
resulting in instability that can vary with composi-
tion. This results in the bulk liquid’s separation into 
two different amorphous phases upon quenching 
from the melt (typically well above Tc, the consolute 
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or critical temperature) to room temperature. This 
‘de-mixing’ can be stable, unstable or metastable, 
depending on where the immiscibility dome resides 
in composition/temperature space, with respect to 
the melt’s liquidus temperature, TL.(22) As recently 
summarized for a variety of compositions and ap-
plications in an excellent review,(23) phase separa-
tion models are varied and largely have been used 
to explain mechanistic processes (diffusion-based, 
classical nucleation and growth, and more recently, 
those based on structural considerations)(24) and will 
be only briefly discussed here.

There are two generally accepted mechanisms for 
the phase separation in glasses: nucleation-growth 
and spinodal decomposition.(25) Both are derived from 
thermodynamic instabilities created by free energy 
differences during mixing when the temperature-
dependent entropy is not large enough to offset a 
positive enthalpy of mixing, ∆Hm. This results in a 
deviation from complete miscibility (a minimum in 
∆Gm) and the resulting de-mixing or immiscibility 
presents itself. The extent of immiscibility is tempera-
ture dependent and there is usually a critical tem-
perature (Tc), at the top of the immiscibility ‘dome’ 
depicted (where known on phase diagrams) below 
which de-mixing occurs. The glass microstructure or 
morphology developed from each mechanism will be 
quite different, thus impacting physical properties, 
differently. For purposes of this study, we will refer to 
systems of liquid–liquid phase separation (LLPS) as 
having varied morphology, i.e. when there are multiple 
amorphous phases present, unless there is evidence 
of crystallization (where we will refer to the material 
as having a variation in microstructure consisting of 
amorphous and crystalline phases). 

The nucleation-growth mechanism typically 
results in a glass morphology consisting of isolated 
spheres of one equilibrium composition randomly 
dispersed as ‘droplets’ through a matrix of another 
equilibrium composition. Phase separation by a 
nucleation and growth mechanism is expected to 
proceed when a system leaves the thermodynami-
cally stable condition and enters the metastable region 
of the phase diagram, between the binodal and 
spinodal curve. For spinodal decomposition, a very 
fast transition is required to move the system from the 
stable region to the unstable spinodal phase region, 
through the metastable nucleation region of the phase 
diagram. Spinodal decomposition (typically) results 
in a three-dimensionally interconnected morphology 
consisting of two immiscible phases.

Recently, the phenomenon of creating amorphous–
amorphous phase separated chalcogenide glasses has 
generated considerable attention, in efforts to create 
infrared transparent glass-ceramics.(13,14,26) While 
reports of the liquid–liquid phase separation (LLPS) 
in chalcogenide glasses exist,(16,27–29) composition-
dependent data and specific thermodynamic and 

kinetic conditions/phase diagrams associated with 
such occurrences is limited. Depending on the glass 
composition, droplet-matrix type or interconnected 
spinodal morphology has been reported within the 
immiscibility dome in chalcogenide systems.(30,31) 

Previous studies of glasses exhibiting phase 
separation and that are then used as glass-ceramics 
have shown that by incorporating PbS, PbSe, or 
CdSe, crystallization behaviour can be affected 
through “self-nucleation”.(31–35) It is well known that 
chalcogenide glass-ceramics containing microcrystals 
can have a low coefficient of thermal expansion and 
improved thermal and mechanical properties. Here, 
the droplets formed can serve as an isolated composi-
tion wherein crystallization can occur in a spatially 
defined manner. Such crystallization leads to modi-
fication of resulting physical properties in the glass-
ceramics. As seen in the GeSe2–As2Se3–CdSe system, 
the introduction of CdSe leads to an increase in the 
density, glass transition temperature and microhard-
ness of the glasses, at the expense of a decrease in 
thermal stability of the glass with CdSe content. 
The generation of a secondary crystalline phase has 
also been demonstrated in alkali or metal halides 
systems such as in GeTe4–AsTe3–AgI glasses.(36)  
Here, AgI addition was shown to increase the glass 
forming ability and thermal stability of the glass 
matrix. The resulting microcrystallized glasses 
exhibited improved mechanical properties while 
maintaining the transmission domain of 2 to 25 µm. 
Efforts in the ternary Ge–Ga–S system suggests that 
phase separation may play a role crystallite growth 
process employed in the resulting transparent glass-
ceramic as evident in papers by Lin et al, where the 
secondary crystalline phase (GeSe2) was believed to 
have initiated within droplets.(37,38)

Infrared glass-ceramics for low loss optical ap-
plications require small and finely dispersed crystal-
line phase, preferably with low absorption loss and 
refractive index to avoid light scattering. This can 
be achieved by selecting a glass that precipitates a 
single (or few) crystalline phase(s) of similar index 
upon devitrification, that is cubic and exhibits a 
narrow crystallite size distribution. Early studies 
in the GeSe2–As2Se3–PbSe composition space have 
shown that addition of PbSe in the glass network 
can produce small, interconnected spinodal mor-
phology.(32,33) In these systems high GeSe2 glasses 
usually have better rigidity and chemical durabil-
ity and in particular, longer IR cut-off wavelength, 
whereas high As2Se3 glasses are good glass formers 
and possess high thermal stability and a near-zero 
thermo-optic coefficient. While both GeSe2 and As2Se3 
glasses have been studied extensively for many 
optical applications, very few works have focused 
on the properties of these glasses containing PbSe, 
across a broad region of morphology variation. In 
this study, physical, thermal, and optical properties 
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of the (GeSe2–3As2Se3)1-xPbSex glass system is studied. 
These glasses have been examined in our group for 
use in IR transparent nanocrystalline glass-ceramics. 
As will be presented, some compositions within 
the x=0–55 mol% PbSe series exhibit LLPS prior to 
the heat treatment schedule required to convert 
them to glass-ceramics. This impacts not only their 
transparency but also their other physical properties. 
We review the role of Pb in this Ge–As–Pb–Se glass 
network and correlate that role to the observed mate-
rial morphology and resulting physical properties.

2. Experimental

Bulk chalcogenide glasses (compositions listed 
in Table 1) of (GeSe2–3As2Se3)1−xPbSex [GAP-Se] 
with varying PbSe concentrations (0 to 55 mol%) 
were prepared by conventional melt-quenching 
technique. All glasses were prepared using high 
purity raw materials (metals basis) from Alfa-
Aesar: selenium (99·999%), germanium (99·999%), 
antimony (99·999%), and lead (99·999%). These 
elements were carefully weighed and batched in a 
nitrogen purged MBraun Labmaster 130 glove box. 
The weighed batches (40 g) were loaded into cleaned 
fused quartz tubes and sealed under vacuum using a 
methane–oxygen torch to form sealed ampoules. The 
batches were melted in a rocking furnace overnight 
at a melting temperature, Tm=850°C. After overnight 
rocking at elevated temperature, the furnace was then 
cooled to the quench temperature, TQ=650°C, prior to 
removal from the furnace for quenching using com-
pressed air flowing over the ampoule. The quench 
rate for this method is estimated to be ~120°C/min.  
To minimize the quench-related stress, glasses 
were annealed at 177°C for 2 h and cooled to room 
temperature. The prepared glass rods were removed 
from the ampoules and cut into slices of thickness ~2 
mm using a slow speed saw. Grinding was done with 
silicon carbide grinding paper with fine grit sizes. 
For optical characterization, slices were subsequently 
polished on both sides using a polishing pad with 
0·05 µm Al2O3 slurry.

To determine the morphology and chemical 
composition of the glasses, transmission electron 
microscopy (TEM) cross-sectional specimens were 
prepared by focused ion beam-assisted milling fol-
lowed by lift-out processing in a FEI Helios Nanolab 
660 focused ion beam. The specimens were mounted 
on Cu grids and ion polished to ~50 nm thickness for 
electron transparency. TEM imaging and selected 
area electron diffraction (SAED) measurements of 
the cross-sectional specimens were carried out us-
ing a Talos F200X at 200 kV. X-ray energy dispersive 
spectroscopy (XEDS) data were collected using 
scanning transmission electron microscopy (STEM) 
in the Talos F200X at 80 kV to assess any chemical 
segregation within the glass matrices.

The amorphous nature of all samples was con-
firmed by powder x-ray diffraction (XRD) as recorded 
by a PANalytical Empyrean XRD unit. X-ray dif-
fraction was performed at room temperature in a 
continuous scan mode, operated at 40 kV and 40 mA, 
with a range of 2θ between 10° and 70°.

The structural properties of the glasses were 
investigated using a Bruker Senterra micro-Raman 
spectrometer. Raman scattering measurements were 
performed with an excitation laser wavelength of 785 
nm with 1 mW power. Data were collected using a 
30 s exposure and was accumulated over five scans. 
Raman spectra in the range of 100 to 900 cm−1 were 
recorded. Measurements were repeated at different 
points on each glass sample to ensure that the Raman 
spectra measured were representative of the whole 
glass and that no photo-structural modification was 
induced in the material, during measurement.

The glass’ physical properties including density 
and Vickers microhardness, were measured to evalu-
ate how the bulk glass properties changed as a result 
of PbSe content and any observed morphological 
effects (LLPS). Density was measured using the Ar-
chimedes principle with distilled water as immersion 
fluid at room temperature. Vickers microhardness, 
VH, measurements were performed on a Shimadzu 
DUH-211S Hardness Tester. Indentations were cre-
ated on polished sample surfaces using a 100 mN load 
with a hold time of 10 s using a diamond indenter. 
The hardness tester was calibrated using a Ni metal 
calibration standard provided by Shimadzu. Sources 
of error can occur during this measurement if the 
sample does not have perfectly parallel surfaces (i.e. 
wedge) or if there is extensive pre-existing surface 
damage (cracks or scratches). The applied load was 
chosen to be below the point where indentations cre-
ated cracks emanating from the corners of the indent.

Thermal analysis of each glass was carried out 
using a Netzsch DSC 204 F1 Phoenix differential 
scanning calorimeter (DSC). Small powder samples of 
~15–20 mg were loaded into sealed aluminium pans. 
The samples were heated at a rate of 10°C/min from 
25°C to 350°C. The glass transition temperature (Tg) 
was recorded as the point of inflection of the DSC 

Table 1. Batch Compositions of GAP-Se samples under 
study
Sample Mole % (as batched) Atomic % (as batched)
 GeSe2 As2Se3 PbSe Ge As Pb Se
 0 25·0% 75·0%  0% 5·6% 33·3%  0·0% 61·1%
 5 23·8% 71·3%  5% 5·4% 32·6%  1·1% 60·9%
10 22·5% 67·5% 10% 5·3% 31·8%  2·4% 60·6%
15 21·3% 63·8% 15% 5·2% 30·9%  3·6% 60·3%
20 20·0% 60·0% 20% 5·0% 30·0%  5·0% 60·0%
25 18·8% 56·3% 25% 4·8% 29·0%  6·5% 59·7%
30 17·5% 52·5% 30% 4·7% 28·0%  8·0% 59·3%
35 16·3% 48·8% 35% 4·5% 26·9%  9·7% 59·0%
40 15·0% 45·0% 40% 4·3% 25·7% 11·4% 58·6%
45 13·8% 41·3% 45% 4·1% 24·4% 13·3% 58·1%
50 12·5% 37·5% 50% 3·8% 23·1% 15·4% 57·7%
55 11·3% 33·8% 55% 3·6% 21·6% 17·6% 57·2%
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curves of the low temperature endothermic feature. 
The temperature interval ΔT between the glass tran-
sition temperature (Tg) and the onset crystallization 
temperature (Tx) is considered as an indicator of 
glass stability where ΔT=Tx−Tg. Glass stability was 
quantified based on each sample’s ΔT as a function 
of composition.

Thermal conductivity was measured on bulk sam-
ples using the transient plane source (TPS) method 
(ThermTest, TPS 3500, Fredericton Canada).(39)  
The TPS method has been shown to be a precise 
and convenient method for measuring the thermal 
transport properties of bulk chalcogenide glasses.(40,41)  
This method utilizes a planar sensor in the form 
of a double spiral of electrically conducting nickel 
(Ni) metal sandwiched between two samples of the 
glass under study, where each sample is polished to 
a thickness of ~2·0 mm. During the measurement, 
a constant current passes through the conducting 
sensor which increases the temperature of the sen-
sor. The heat generated dissipates into the samples 
located on both sides of the sensor, at a rate that 
depends on the thermal transport properties of the 
material.

Transmission spectra were recorded on samples 
using a Perkin Elmer Frontier (visible-NIR) and a 
Perkin Elmer Frontier Optica (NIR-LWIR) Fourier 
transform infrared (FTIR) spectrometer. Measure-
ments were averaged over 21 scans in the spectral 
range of 0·6 to 22 µm with resolution of 8 cm−1 at room 
temperature. During measurements, samples were 
mounted on a sample holder with a 3 mm aperture.

Further optical properties of these glasses in-
cluding refractive index, dispersion, scattering and 
thermo-optic properties, have been evaluated in a 
separate article that tracks the base glass attributes 
and the impact of LLPS on key optical properties both 
prior to and following thermal treatment to realize 
infrared glass ceramics.(42) Additionally, the impact 

of how phase separation in GAP-Se scales with melt 
volume and varying thermal history for selected 
GAP-Se compositions, is also discussed separately.(43)

3. Results and discussion 

3.1 Morphological variation with PbSe content: 
evidence of liquid–liquid phase separation 
(LLPS)
As discussed previously, chalcogenide glasses in the 
Ge–As–Pb–Se glass forming region (molar ratio of 
constituents Ge:As:Pb:Se=1·05:0·35:0·3:2·4) investi-
gated by Mecholsky and co-workers in the early 1970s 
showed evidence of the presence of metastable phase 
separation characterized by large droplet-matrix 
morphology with other regions of spinodal decom-
position.(27–29) The size scale of these inhomogeneities 
and the refractive index differences associated with 
their compositional variation gave rise to optical scat-
tering which limited the optical transmission through 
the part. While well away from the Ge:As:Pb:Se ratio 
of these glasses, compositions in our study (network 
former molar ratios of Ge:As=1:6) showed regions of 
compositional homogeneity (no phase separation) at 
PbSe levels between 0–10 mol% and ~45–55 mol%. 
At intermediate levels (10<PbSe<40 mol%) glasses 
exhibited evidence of LLPS as characterized by a 
distinct droplet-matrix morphology and possibly, 
spinodal decomposition (25<x<~35 mol%). Figure 1 
shows nanoscale images (bars=50, 100, or 200 nm) of 
the selected base glasses with varying PbSe concen-
tration of 0, 5, 10, 15, 20, 30, 35, 40, 45 and 55 mol%, 
including bright field (BF) TEM images and SAED 
patterns. As can be seen, the Pb-free glass is homoge-
neous. For the low PbSe concentration of 5 mol%, the 
featureless TEM image and the corresponding diffuse 
SAED pattern indicate that the composition remains 
completely homogeneous and amorphous. For higher 
concentrations between 10–40 mol%, the TEM images 

Figure 1. TEM images of selected glasses from the (GeSe2–3As2Se3)1−xPbSex [GAP-Se] series with x=0, 5, 10, 15, 20, 30, 
35, 40, 45 and 55 mol% PbSe concentration
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show two distinct phases with a clear droplet-matrix 
morphology, and the corresponding SAED patterns 
confirm LLPS with both phases amorphous. The 
droplets have uniform, spherical shape and their sizes 
range from ~50 to ~130 nm. The contrasts between the 
droplet and the matrix regions in the BF TEM images 
are due to atomic mass variations. For example, as 
can be seen in the 20 and 40 mol% PbSe images, the 
20% glass exhibits Pb-rich (heavier) droplets uni-
formly dispersed in a lighter (Pb-deficient) matrix. 
The converse is the case with 40 mol% PbSe. One can 
observe that the 20% composition exhibits spherical 
as well as non-spherical (elliptical) shaped droplets, 
indicative of a gradual shift towards a transition to 
spinodal. The irregular shaped bright regions in the 
30 and 35% exhibit less compositional contrast and 
are likely with the region of spinodal decomposi-
tion. By 40 mol%, the droplet-matrix morphology 
has returned, with now Pb-deficient spherical drops 
clearly visible. For the highest PbSe samples (x=45, 
50 and 55 mol%) the compositions were found to be 
homogeneous and amorphous with no evidence of 
immiscibility. Glasses above 55% PbSe in the series, 
crystallized upon quenching. No segregation or 
evidence of metallic lead was observed in any of the 
bulk glass samples.

Figure 2 shows dark field (DF) STEM images, 
corresponding XEDS maps, and linear composition 
profiles of representative compositions with 20, 30 
and 40 mol% of PbSe. These three glasses in the series 
are believed to span the transition region from meta-
stable to unstable to metastable phase separation. 
A clear transition in the chemical compositions of 
droplets, matrix and interconnected secondary phase 
can be seen in Figure 2. For these compositions, the 

distributions of Pb in the XEDS maps clearly match 
with those of the bright phase in the DF STEM im-
ages, suggesting that Pb atoms are segregated into 
the droplets (or the matrix) for the composition with 
20 (40) mol% of PbSe, whereas in the 30% composi-
tion, the two phases are close in composition, as 
evident in the line-scan data. These results are very 
consistent with the atomic mass-induced contrasts 
observed in the BF TEM images. To quantify the 
atomic percentages of the four constituent elements 
in the amorphous glass matrices, linear composition 
profiles were extracted by making line scans across 
several droplet-matrix regions. The compositions for 
each region, compared to that of the batched composi-
tion are listed in Table 2. For the composition with 
20 mol% of PbSe, the droplets and the matrix have 
average Pb atomic percentages of ~12·3 and ~1·7%, 
respectively, while those values are ~6·5 and ~ 9·5% 
for 30 mol% PbSe and ~13 and 7·3% for the droplet 
and matrix compositions within the 40 mol% of PbSe. 
As can be seen by the long line-scans that traverse 
multiple droplets, the droplet size is quite uniform 
and the within droplet-within matrix Ge:As:Pb:Se 

Figure 2. (top) DF STEM images, corresponding XEDS maps, and (bottom) linear composition profiles of three repre-
sentative compositions with 20, 30 and 40 mol% of PbSe

Table 2. Atomic composition of 20, 30 and 40 mol% PbSe 
GAP-Se glasses
  Element
Composition  Se Pb As Ge
20 mol% Batch 60·0%  5·0% 30·0% 5·0%
 Secondary phase 64·3% 12·3% 22·1% 1·3%
 Matrix 62·8%  1·7% 29·8% 5·7%
30 mol% Batch 59·3%  8·0% 28·0% 4·7%
 Secondary phase 59·9%  6·5% 29·8% 3·8%
 Matrix 57·7%  9·5% 27·3% 5·5%
40 mol% Batch 58·6% 11·4% 25·7% 4·3%
 Secondary phase  57·9%  7·3% 31·3% 3·5% 
 Matrix 60·2% 13·0% 23·9% 4·9%
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ratios, are quite uniform. No evidence of secondary 
de-mixing (within the matrix phases of each) are 
evident based on comparison of the other Ge, As and 
Se XEDS maps. The droplet chemistry does however 
clearly show indications of deficiency in the network 
formers Ge and As (in the 20% sample) as compared 
to Ge and Pb deficiencies and As excess, in droplets 
within the 40% sample. These chemistry variations 
give insight into the likely crystallization products 
that might form in the droplets (20%) and matrix 
(40%), respectively, due to the reduced stability 
(ΔT=Tx−Tg) of these respective Pb-enriched phases.

These microscopic observations suggest that the 
LLPS observed in this composition series exists over 
the composition range examined (10–40%). We arrive 
at this conclusion based on the following observa-
tions. Firstly, we observed the de-mixing to be stable 
up to very high temperatures, where rapid quenching 
protocols on varying melt sizes (ranging from small 
(25 g) to large (400 g)) all exhibited droplet-matrix 
morphology (with varying droplet sizes but similar 
compositions). In searching for the critical tempera-
ture (Tc) above which we might expect to see a homo-
geneous melt that gives rise to a homogeneous glass, 
none was observed up to melt temperatures of 950°C. 
Glasses removed from the furnace at these high melt-
ing temperatures were boiling and extensive vapour 
filled the tube. Thus, no higher temperatures were 
employed. To compare morphology and properties 
directly, all glasses prepared for evaluation were of 
constant melt volume and saw the same melt/quench 
thermal history. Secondly, both droplet matrix and 
spinodal morphologies can be seen in the TEM data 
shown. Unstable or metastable LLPS is observed in 
the central region of the immiscibility dome where 
we believe spinodal morphology is present. This was 
observed directly via TEM in the 30 and 35 mol% 
glass as the droplet phase in these glasses is less 
distinct in shape, looking more coarse and irregular. 
This is consistent with an interconnected dual phase 
morphology with a subtle but measurable composi-
tion variation as shown in Figure 2 and quantified 
in Table 2. As shown in the compositional line scan 
obtained with XEDS across the bright and dark 
features of the dual amorphous phases (line scans 
across the two phases shown in the central panel 
of Figure 2), the sharp droplet/matrix contrast in 
phase composition is not observed suggesting that 
the 30 mol% composition is clearly near composition 
regime where the cross-over from Pb-deficient to Pb-
rich matrices, occurs. This compositional transition 
region can be seen in the line scan for the 30% glass 
as indicated by the slowly varying chemistry change 
and in the bright/dark image contrast (indicative of 
a less sharp boundary between phases). This plateau 
is distinctly different from the sharp droplet/matrix 
compositional heterogeneity of the 20 and 40% 
glasses, quantitatively shown in the secondary and 

matrix compositional summaries in Table 2 for the 
two phases of the 30% glass, is observed as well in 
some of the physical property trends discussed below 
where the usual dominant matrix phase morphology, 
is not distinctly present.

Based upon the observed morphological transi-
tions and the chemical compositions of the droplet 
and matrix phases shown in Figures 1 and 2, the 
occurrence of phase separation is estimated to be 
confined within a region of ~10 and ~40 mol% of 
PbSe, as illustrated in the schematic diagram of our 
proposed immiscibility dome (Figure 3) where the 
green spots correspond to the compositions in Figure 
1. The dashed red (centre) region of the schematic 
illustrates the boundaries where the transition from 
droplet-matrix morphology changes to spinodal, and 
then back to droplet/matrix at higher PbSe content. 
The impact of this morphology variation plays heav-
ily on the resulting structural and physical property 
variations observed as discussed in subsequent sec-
tions.

Figure 4 shows FTIR spectra of selected samples 
measured at room temperature in the spectral range 
from 0·6 to 22 µm. Homogeneous glasses (0 and 50 
mol%) exhibit the expected decrease in transmis-
sion based on increased refractive index (and hence, 
Fresnel loss) associated with the addition of a highly 
polarizing Pb atom. Additionally, the progress of 
decrease in internal transmittance with PbSe content 
also highlights this increase in refractive index, as 
well as evidence of oxide impurity imparted into the 
glass with Pb addition. This absorption, shown as a 

Figure 3. Schematic diagram for the proposed immiscibility 
dome in the (GeSe2–3As2Se3)1−xPbSex [GAP-Se] glass sys-
tem. Diagram shows the different compositions examined 
and their position within the various regions of the phase 
diagram, as well as the approximate point of transition 
to spinodal decomposition (within the red dashed lines) 
from the adjacent droplet-matrix morphology. While no 
temperature scale values are known, phases were shown 
to exist up to quench temperatures of 950°C [Colour 
available online]
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deep decrease in transmission in the ~12 µm region, 
increases monotonically with Pb content and is likely 
attributed to the elemental Pb starting material qual-
ity. Intermediate Pb-containing glasses show trans-
mission dominated by their respective matrix phase: 
in glasses <30 mol% PbSe, this is a Pb-deficient phase 
which exhibits higher transmission as Pb is concen-
trated in the small droplets (typically <100 nm in size) 
and in a Pb-rich matrix for glasses with 35 mol% PbSe 
or greater. Glass compositions in these two regions 
adjacent to the centre of the immiscibility dome show 
the most phase separation as characterized by their 
BF contrast, deviation from batched composition and 
large droplet size. For the 30 mol% PbSe composition 
situated near to the believed transition boundary 
where a higher contrast droplet-matrix morphology 
transitions to a more spinodal-like morphology, the 
Pb is more integrated in both phases. This results in 
a lower transmittance for the 30 mol% PbSe glass, 
which also shows a distinct red-shift is observed 
for the short-wavelength edge of the transmission 
spectra. While the compositional variation between 
the two amorphous phases is smaller than in the 
droplet-matrix compositions (as indicated by the 
centre panel in Figure 2), the interface area of the three 
dimensionally interconnected phases may likely be 
larger, giving rise to high scattering. The clear blue-
shift seen in the 40 mol% glass is additional evidence 
that this glass (30 mol%) resides within the spinodal 
region where as validated by the TEM and XEDS data 
in Table 2. As the 30% glass’ composition does not 
contain droplets and the two phases are very similar 
in composition with the Pb more evenly dispersed 
throughout the glass as compared to the adjacent 
droplet-matrix (20 and 40%) containing glasses, it is 
believe that the shift in the short wavelength edge of 
the glasses is largely dominated by scattering effects 

from the larger fraction of interfaces between the 
inter-twined phases of differing refractive indices.(42)  
FTIR short wavelength edge shift measurements 
combined with the compositional data from XEDS 
provides a sensitive method for detecting the extent 
of the liquid–liquid phase separation.

3.2 Compositional dependence of PbSe on 
glass network 

Figure 5 shows the XRD patterns of all glass samples. 
The measured XRD patterns confirm the x-ray amor-
phous nature of all the glasses from 0 to 55 mol% of 
PbSe concentration with no evidence of crystalliza-
tion. These data infer that above ~30 mol% PbSe, 
there exist two primary glass-forming matrix units 
that dominate the glass’ network. As we believe this 
to be the onset region of a Pb-rich matrix with small 
(lower volume fraction) Pb-deficient droplets, it is 
consistent that the patterns possess two distinct 2θ 
features with similar shapes, across this composition 
space. Conversely, below this level, GeSe2 and As2Se3 
dominate the glass network (with again, a small 
volume fraction of a Pb-rich droplet phase) possibly 
contributing to the more detailed (three primary 
amorphous humps) XRD patterns.

To further evaluate the impact of the LLPS mor-
phology on the glass network’s structure, micro-
Raman analysis was carried out. Figure 6 shows the 
measured room temperature Raman spectra for vari-
ous compositions. For convenience of comparison, 
the entire frequency range of Raman spectra from 
100 to 900 cm−1 is divided into two regions with 
individual figures. Note that while the wavenumber 
scale is consistent across all vertical figures, the Y-axis 
of intensity is not. The spectra of all the compositions 
for the frequency range between 100 and 400 cm−1 is 
shown in Figures 6(a1, b1, c1 and d1); whereas data 

Figure 5. XRD patterns of as-quenched glasses within the 
(GeSe2–3As2Se3)1−xPbSex [GAP-Se] series with x=0 to 55 
mol% PbSe

Figure 4. IR-transmission spectra of the selected glasses 
(0, 20, 30, 40 and 50 mol% PbSe (thickness of the sample)) 
exhibiting signatures consistent with the composition 
and morphological variation. Spectra are not corrected 
for Fresnel loss
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for the range between 400 and 900 cm−1 is given in 
Figures 6(a2, b2, c2 and d2). To examine the evolu-
tion of various bands with PbSe concentration, the 
entire Raman spectra from 100 to 900 cm−1 has been 
normalized to the band at 200 cm−1.

We attribute the bands within these spectra to 
the dominant glass network bands associated with 
each composition. GeSe2 has the structural unit of 
A’B4 tetrahedron with four-fold coordinated Ge at 
the centre. The tetrahedron is interconnected by the 
two-fold coordinated Se atom. Similarly, for As2Se3 
the structural unit is AB3 pyramid with three-fold 
coordinated As atom at the apex. The pyramids are 
interconnected by the two-fold coordinated Se atom. 
The low frequency vibration mode of the Ge–Se 
bonds in GeSe4 corner sharing tetrahedral attributes 
to the peak located at 200 cm−1.(44,45) The nearby peak at 
230 cm−1 is typical of the vibrational frequency of the 
AsSe3/2 pyramidal structural units.(46,47) Comparison 
of Raman spectra for compositions within the PbSe 
series, clearly shows that structural changes occur in 

the glass due to incorporation of PbSe. Introduction 
of PbSe into network induces three major changes 
in the Raman Spectra, which can be seen in Figure 6 
and are more distinctly in Figure 7 which tracks the 
primary peaks in the spectra. What can be observed 
as a function of PbSe content is firstly, the appearance 
of a peak at 800 cm−1, second is the decrease in the 
peak intensity of 230 cm−1 and third is the rise in the 
peak intensity of 800 cm−1.

While the PbSe is not Raman active, its formal 
association with other network species (Ge–As–Se) 
gives rise to a signature. The high frequency peak 
that appeared at about 800 cm−l is in accordance with 
the polar theory reported for PbSe, which possibly 
corresponds to the ground state energy of the PbSe 
polaron.(48–50) This peak is not seen for 0 mol% PbSe.

It can readily be seen from the Raman spectra of 
the PbSe-free GeSe2–3As2Se3 (0 mol% PbSe) glass 
and the PbSe substituted system that the intensity of 
the peak at 230 cm−1 decreases successively with the 
increasing PbSe concentration and remains constant 

Figure 7. (a) Decrease in the Raman Intensity of 230 cm−1 peak as function of PbSe concentration. (b) and (c) shows the 
rise in the peak of 800 cm−1 and 1250 cm−1 with increase in PbSe concentration. The shaded area (10≤x≤40 mol% PbSe) 
indicates the composition where phase separation was observed by TEM. The dashed-solid line illustrates the boundaries 
where transition from droplet-matrix morphology changes to spinodal and vice versa

Figure 6. Raman Spectra of (GeSe2–3As2Se3)1−xPbSex [GAP-Se] glasses with varying concentration of PbSe
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after 25 mol% PbSe (Figure 7 (a)). This suggests 
that Pb serves to modify the Ge–Se–As network up 
to this 25 mol% and that beyond this level, the Pb 
takes a different role in the glass structure, likely 
as a network participant in the Pb-rich matrix that 
starts to appear near this PbSe level. This transition 
is again consistent with the abrupt change observed 
in both the morphology (TEM) and the composition 
(XEDS). This change in role is further supported by 
the striking features of the series’ spectra highlighted 
in Figure 7(b); the rise of the 800 cm−1 band with 
increasing PbSe concentration. Again, in both plots, 
the dashed lines (shown as a guide to the eye) shows 
the changes up to the point where at ~25–30% the 
glass’ network becomes uniformly Pb-containing to 
Pb-rich and the role of Pb is likely more of a formal 
network participant.

We interpret the observation of three regions to 
the following structural changes. As the concentra-
tion of PbSe increases, the number of coupled GeSe4 
and AsSe3/2 pyramidal structural unit decrease as 
will the normalized intensity of 230 cm−1. While the 
AsSe3/2 mode gradually decreases in intensity, the 
emergence of new bond corresponding to PbSe has 
become more visible for higher Pb content. In contrast 
to earlier Raman studies,(32,33) the present investiga-
tion shows explicitly the existence of vibrational 
modes corresponding to Ge–Se, As–Se and Pb–Se 
and its variation with Pb content. In the mid-PbSe 

regime (25–30 mol%) the plateau appears indicative 
of a transition region which could be associated with 
the inflection from a Pb-deficient matrix to a Pb-rich 
matrix as the dominant phase, through the spinodal 
range. This is likely the position of the ‘top’ of the 
immiscibility dome shown schematically above. 
The high PbSe regime supports the conclusion that 
beyond this level (>~35 mol% PbSe) the Pb addition 
to the network no longer impacts the glass’ original 
Ge–As–Se backbone, but rather, directly participates 
in the network likely taking on more of an intermedi-
ate role.

The structural variation associated with the transi-
tion behaviour of Pb in the glass network is supported 
in other physical property measurements. Figure 
8(a) and (b) shows the density and Vickers hardness 
as a function of increasing PbSe concentration, both 
exhibiting a monotonic increase with Pb levels. The 
density of glass increases as content of PbSe increases; 
from 4·562 g/cm3 for 0 mol% PbSe to 6·081 g/cm3 for 
55 mol% PbSe. The increase in the density is attrib-
uted to the heavier atomic weight of Pb element and 
the increased packing of the Pb atom into the free 
volume of the glass network. The Vickers hardness 
HV of glasses while related to the bond dissociation 
energy per unit volume of the components is also 
defined by the molar volume of glass. As seen from 
Figure 8(b), the Vickers hardness increases linearly 
as concentration of PbSe increases. Even though the 

Figure 8. Variation of (a) density and (b) Vickers hardness with PbSe content in the (GeSe2–3As2Se3)1−xPbSex [GAP-Se] 
glass system. Where not shown, error is within the size of the points

Table 3. Summary of physical properties of the (GeSe2–3As2Se3)1−xPbSex [GAP-Se] glasses
Sample Tg (°C) Tx (°C) ∆T (°C) Density Hardness Thermal conductivity
(mol% PbSe) (±2°C) (±2°C) (±2·8°C) (g/cm3) (MPa) (W/mK)
 0 210·0 - - 4·562 1466·57 0·223
 5 207·0 310·0 103 4·647 1505·47 0·226
10 205·6 302·6  97·0 4·764 1489·89 0·227
15 204·0 302·9  98·9 4·867 1523·15 0·231
20 202·6 294·4  91·8 4·997 1532·33 0·231
25 202·7 285·8  83·1 5·127 1546·52 0·233
30 200·5 276·1  75·6 5·253 1587·78 0·238
35 200·4 260·2  59·8 5·33 1624·06 0·244
40 201·9 244·9  43·0 5·559 1629·69 0·247
45 202·7 246·0  43·3 5·732 1626·00 0·251
50 205·4 237·4  32·0 5·908 1632·51 -
55 207·7 230·8  23·1 6·081 1646·54 0·254
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bond dissociation energy of Pb–Se bond is lower 
than the Ge–Se and As–Se, the high atomic packing 
density with increasing PbSe compensates the lower 
dissociation energy and increases the hardness.

Table 3 summarizes the characteristic tempera-
tures Tg, Tx, ∆T derived from DSC curves and den-
sity, microhardness and thermal conductivity. The 
network and morphological variation also translates 
to changes in thermal properties. Figure 9 shows the 
composition dependent variation of glass transition 
temperature (Tg) and thermal stability (∆T=Tg−Tx) 
for the glass series. It is seen that Tg for all the glass 
compositions follows a parabolic curve that appears 
to track with the immiscibility dome, as illustrated in 
Figure 9(a). The decrease in Tg through the perceived 
inflection point near ~30 mol%, can be associated with 
a transition from a low lead containing matrix (recall, 
Pb is concentrated in the Pb-rich droplets), to the 
point where Pb is contained largely in the dominant 
Pb-rich matrix. Similar changes are seen in Pb-oxide 
‘flint’ optical glasses where thermal and mechanical 

properties were seen to transition when Pb moved 
from a modifier to a network role.(51) Additionally, 
glass stability degrades when Pb is a major network 
participant, in the Pb-rich matrix region. In the same 
~30 mol% region, the compositional similarity of the 
two phases is evident in the apparent minima plateau 
of Tg before rising again. As can be seen, with increas-
ing PbSe concentrations ∆T continuously degrades, 
initially slowly while Pb modifies the network in 
the homogeneous glass, and becoming more rapid 
as it starts to integrate into both the Pb-deficient and 
Pb-rich matrix (above ~25%). This change of slope is 
again, consistent with a change of morphology seen 
as the glasses approach the spinodal region where 
the compositional variation on stability is driven by 
the dominant matrix (Pb-rich) phase.

Figure 10 shows the evolution of thermal con-
ductivity which increases linearly with increasing 
concentration of PbSe. The thermal conductivity 
enhancement seen may be interpreted as due to 
two reasons: (i) introduction of highly conductive 
element Pb, and (ii) the corresponding increase in 
the refractive index. When the Pb volume fraction 
increases, the Pb’s superior thermal conductivity 
increases the overall thermal conductivity of glass 
system. Also, the dominant photon contribution to 
the thermal conductivity Kp, is directly related to the 
refractive index as, 

2 3

p
16
3

n TK s
a

=

where σ is the Stephan–Boltzmann constant, n is the 
refractive index, T is the temperature, and α is the 
absorption coefficient for the material.(52,53) As dis-
cussed in Ref. 42, the refractive index for these glasses 
increases as the concentration of the PbSe increases 
which may be expected to lead to the observed in-
crease in the thermal conductivity.(42)Figure 10. Change in the value of thermal conductivity of 

glasses with addition of PbSe

Figure 9. (a) Glass transition temperature, Tg, and (b) thermal stability (ΔT=Tx−Tg) as a function of PbSe concentra-
tion. The shaded region is where droplet/matrix morphology exists. The shaded area (10≤x≤40 mol% PbSe) indicates 
the composition where phase separation was observed by TEM. The dashed-solid lines illustrate the boundaries where 
transition from droplet-matrix morphology changes to spinodal and vice versa and are intended as a guide to the eye of 
property trends
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4. Conclusions
The morphology and physical properties of glasses 
in the (GeSe2–3As2Se3)1−xPbSex [GAP-Se] system 
with varying PbSe concentration were investigated. 
Liquid–liquid phase separation (LLPS) was experi-
mentally observed (between PbSe levels of x=10–45 
mol%) and the amorphous nature of phases seen were 
confirmed by XRD. Depending on the glass composi-
tion, droplet-matrix or spinodal-like morphology was 
observed, with a transition region (correlated with the 
transition in composition of the liquid phases near 
25–30 mol% PbSe) which separates the Pb-deficient 
matrix and Pb-rich matrix regimes. Optical transmis-
sion was directly correlated to phase morphology 
(droplet size) and composition (Pb-level) and the 
similar composition of the two glassy phases in the 30 
mol% glass supports the lack of scattering and good 
transmission observed. The results suggest that Pb 
transitions from a modifier role at low levels (when 
present in Pb-rich droplets) to that of a network 
participant in higher PbSe compositions where it is 
incorporated in the Ge–As–Se network. These transi-
tion points have been validated by physical property 
measurements and Raman spectroscopy. Increasing 
levels of PbSe results in the significant increase in the 
density, microhardness and thermal conductivity of 
glasses, at the expense of glass stability to devitrifica-
tion. Understanding the influence of phase separation 
on structure and properties relation can offer new 
possibilities to the ability to design new compositions 
and advanced composite materials.
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