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A B S T R A C T

This study systematically analyzed the correlation between topological structure and chemical ordering on the optical and thermal properties of synthesized material
in the glass forming region of the GexGaySe1-x-y ternary. A series of ten compositions from 5 to 30 mol% Ge and 5 to 15 mol% Ga were examined within the ternary,
showing broadband infrared properties with transmission from 1 to 25 μm. Topological constraint theory applied to compositions examined exhibited sharp in-
flection at the average coordination number of <r>= 2.67 defined as the chemical threshold where the glass network consists of tetrahedral Ge(Ga)Se2 units.
These observations indicate that thermal and optical properties in these chalcogenide glasses are highly sensitive to the chemical ratio of homopolar versus het-
eropolar bonds, Ge to Ga ratio, as well as the dimensionality of the topological structure. Glass transition and crystallization temperature values compare well with
previous literature on similar GeeXeSe systems. This is a comprehensive study that systematically examined thermal conductivity, heat capacity, absorption
coefficient, and refractive index within the GexGaySe1-x-y system, correlating these properties with structural network calculations. The presented methodology and
findings will enable the compositional design of materials for infrared systems using GexGaySe1-x-y glasses with broadband transmission.

1. Introduction

Chalcogenide glasses (ChGs) have primarily attracted research at-
tention due to their infrared (IR) transmittance. In IR night vision
technology, designs are based mainly on two regions in the electro-
magnetic spectrum, the mid-wave infrared (MWIR) 3–5 μm and long-
wave infrared (LWIR) 8–12 μm. ChGs are non-oxide glasses that typi-
cally have large glass-forming regions which allow for tuning of phy-
sical properties over a range of compositions. The resulting glassy
structure of each composition controls the physical properties; there-
fore, it is important to understand the structure-property correlations in
order to design useful chalcogenide glasses.

GexSe1-x and GexGaySe1-x-y glasses have been shown to consist of a
covalently bonded network of elements in which the connectivity is
controlled by atomic coordination numbers [1–5]. Phillips and collea-
gues have discussed the organization of covalent network glasses in
terms of a balance of constraints and degrees of freedom [6–9]. A
fundamental metric used to describe the covalent network topology is
the average coordination number, denoted here as < r > [10], a simple
weighted sum of the element atomic fraction and its coordination
number. Two important metrics are often observed in ChGs: the first,
<r>= 2.4, represents the topological transition from a floppy to a
rigid structure and the second, <r> = 2.67, represents the chemical

threshold from a system with excess selenium to a selenium deficient
one. Previous studies on glass transition temperatures (Tg) with respect
to coordination number < r > for various GexGaySe1-x-y glasses show
inflection at these two points [1,3,5,11,12]. A calculation of average
bond energy < E > has also been used to predict properties and eval-
uate compositional trends. Tg has been shown to correlate well with
mean bond energy < E > in covalent glasses, and was shown to relate
to the activation energy for viscous flow in an Arrhenius viscosity Eq.
(13) For further theoretical details employed in analyzing the structure
within this glass system, see Part I of this paper [14] which relates
structure to measured and modeled mechanical properties.

The purpose of this study was to systematically explore the property
evolution of thermal and optical properties within the same ternary
GexGaySe1-x-y glass-forming compositional space (spanning
5 < x < 30 Ge mol % and 5 < y < 15 Ga mol %). In Part I of this
two part series of papers, the background theory and mechanical
properties measurements and predictions were supplied. In this Part II,
trends in thermal and optical properties are reported versus < r >
using semi-empirical and theoretical calculations to elucidate me-
chanisms further. The findings realized through this complementary
means of exploring the property evolution are compared, and further
conclusions on the role of structure on properties are presented.
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2. Experimental procedures

2.1. Synthesis

Detailed synthesis procedures for the glasses examined have been
described in Part I. Briefly, elemental starting materials (Ge: Alfa Aesar
5 N, Ga: Alfa Aesar 5 N, Se: Alfa Aesar 5 N) were placed in quartz am-
poules in an inert glovebox, evacuated, and sealed. Ampoules were then
heated to 800 °C for 12 h, then lowered to 750 °C, and then quenched to
room temperature with forced air. Two batches were processed for each
composition. For property testing, glasses were annealed for 12 h at Tg -
40 °C to ensure structural glass relaxation. The 10 mm diameter glass
rods were cut using a diamond edge saw blade, and ground and po-
lished into slices for thermal and optical property measurement, or
crushed to a powder using a mortar and pestle for thermal analysis.
Experimental error was determined as the standard deviation of the
average of at least three measurements for every data point. In the case
where a data point was derived from multiple measurements each
having their own uncertainty, a propagation of uncertainties calcula-
tion was followed according to J. R. Taylor [15].

2.2. Thermal properties

The glass transition temperature, thermal expansion coefficient,
thermal conductivity, and heat capacity were experimentally de-
termined to aide in understanding each glass' structural and chemical
arrangement.

The glass transition temperature (Tg) and crystallization tempera-
ture (Tx) of each GexGaySe1-x-y glass was measured by a Netzch (DSC F1
Phoenix, Boston, MA) differential scanning calorimeter (DSC) on
powders of each sample, ground using a mortar and pestle. In a sealed
aluminum pan, approximately 20 mg of glass powder was heated at a
rate of 10 °C/min in the DSC. The inflection point (the minima or
maxima of the first derivative) of the endotherm in the heat flow curve
was taken as the glass transition temperature.

The transient plane source (TPS) method (ThermTest, TPS 3500,
Fredericton Canada) was used to measure overall thermal conductivity
(kT) and specific heat capacity (cv) [16]. Specimens were cut from bulk
glass rods to a nominal thickness of 2.5 mm and polished to 0.05 μm
roughness. The TPS sensor acts as both a heat source and resistance
thermometer. As electric power is supplied to the sensor, the increase in
mean temperature (T(τ)) of the specimen can be directly related to the
variation in the sensor resistance R(T) as [16]

R T R T T( ( )) [1 ( ( ) )]T0 0= + (1)

where R0 is the initial resistance at T0, the initial temperature, and αT is
the temperature coefficient of resistance (TCR). The TCR αT can be
solved using Eq. (1) and the following expression for mean temperature
of the sensor,

T P
r k

D( ) ( )i

s T
3/2=

(2)

where Pi is the input power, rs is the radius of the sensor, and D(τ) is a
shape function which has the following form, Eq. (3), where τ is time.
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a
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Thermal diffusivity, DT, can be obtained by utilizing a plot of the
recorded temperature versus D(τ). The specific heat capacity is also
calculated indirectly with Eq. (4),

c k
Dv

T

T
=

(4)

Step-wise, pulsed heating (of power = 10 mW and pulse
length = 0.1 s) were used to generate the resistively measured tem-
perature response curves. A minimum of five tests were performed for

each data point and the standard deviation is noted by the error bars
shown (no observable error bars indicates the error was within the data
point). cv was converted to cp through division by the measured speci-
men's density (ρ) (details on density measurements and data in Part I).

2.3. Optical properties

As these glasses are intended to be considered for use as IR optical
components, the determination of their optical properties was crucial.
Transmission (t) was obtained from the ultraviolet through the mid-
infrared, with both Fourier Transform Infra-Red (FTIR) (Thermo
Scientific Nicolet is5) and UltraViolet-Visible (UV–Vis) spectroscopy
(Cary 500 UV–Vis-NIR Spectrophotometer), where background spectra
were subtracted to account for ambient H2O and CO2. Refractive index,
n, was independently measured in the mid-infrared at 4.515 μm. The
vibrational structure of the glasses as measured using Raman spectro-
scopy was reported in Part I. For these techniques, the 10 mm diameter
bulk glass rods were cut into nominally 2.0 mm thick slices, ground,
and then polished to a 0.5 μm finish.

Refractive index was measured at a wavelength of 4.515 μm using a
Metricon model 2010 M prism coupling system, at room temperature.
Measurements were performed by holding samples in contact with a
single crystal Ge prism. The refractive index was measured ten times to
obtain an average with relative error ± 0.0003 refractive index units.
Details of the Metricon system [17,18], and its application to index
measurements in ChG [17] can be found in the literature.

The absorption coefficient at room temperature was both theoreti-
cally and experimentally determined using measured refractive index,
thickness, and transmission values. For intrinsic structure-property
comparisons based on coordination number, the theoretical values were
used. For thermal property calculations, the experimental values where
used in order to avoid overestimation of phonon conduction by inclu-
sion of phonons that do not make it through the sample due to a
scattering or reflection mechanism. The theoretical transmittance (T)
was calculated at 4.515 μm and estimated across the full spectrum using
the following Fresnel equation to account for internal reflection losses.

T n n
n n

4
( )

t i

t i
2=

+ (5)

In Eq. (5), ni is the refractive index of the incident wave, and nt is the
refractive index of the transmitted wave. Since we measure refractive
index in air, ni ≈ 1 and nt is the measured refractive index of the given
glass composition. The transmittance was then converted to absorbance
(A) using Eq. (6),

A
T

log 1
10=

(6)

and the absorption coefficient, α(cm−1), was then related to absorbance
by the relation shown in Eq. (7),

A
l

= (7)

where l is the thickness of the specimen. For experimental determina-
tion of absorption coefficient, absorbance was calculated using Eq. (8)
as shown below, and then converted to absorption coefficient using Eq.
(7).

A t2 log (% )10= (8)

3. Results and discussion

3.1. Glass transition temperature

Fig. 1 shows the glass transition temperature of the GexGaySe1-x-y

compositions versus < r> . The glass compositions that formed bulk
glass (as defined in Part I), their equivalent coordination number, and
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measured characteristic properties are reported in Table 1. The lowest
Tg for the current work was found to be 99 °C for Ge0.1Ga0.05Se0.85

(< r> = 2.3) whereas the highest Tg was 347 °C for Ge0.25Ga0.1Se0.65

(< r> = 2.7). A maximum is observed at < r> = 2.67 and a small
inflection is seen at < r> = 2.4. The values measured in this study
compare well with those previously reported in literature (Fig. 1).
There does not appear to be any discernable trend regarding the ratio of
Ge to Ga for compositions with similar coordination numbers, other
than that the role of Ga in the network for a given average bond energy
tends to lead to a reduced transition temperature, suggesting some
network depolymerization with its addition.

Fig. 2 shows the Tg of the GexGaySe1-x-y compositions versus the
mean atomic bonding energy, < E > . Values range from 2.2 to 3.1 eV
with increasing bond energy associated with increasing Ge(Ga)eSe
bonds. The highest Tg is measured for compositions with the nominally
heteropolar bonding and, in general, Tg increases with increasing <
E > . For the two data series with three or more data points, a linear
relation is observed. The 5 and 10 mol% series have a linear fit with R2

values of 0.95 and 0.97, respectively. This equates to compositions with
the lowest absolute selenium deficiency (defined in Appendix B) as
shown in Table 1. It can also be seen that glasses with identical <
r > values, but higher ratios of Ga to Ge, exhibit higher Tg’s.

3.2. Optical

Fig. 3a shows optical transmission spectra of the GexGaySe1-x-y

compositions. The majority of the glasses tested exhibit broadband
transmission from ~1000 to ~17,000 nm. Maximum transmission va-
lues around 60% are consistent with those observed in the literature for
similar GexGaySe1-x-y and GexGaySe(S)1-x-y glasses [12,20,21].
Ge0.10Ga0.5Se0.85 and Ge0.25Ga0.15Se0.60 have significantly lower

maximum transmission values due to the presence of large crystallites
within the glass (detected by XRD, not shown) causing wavelength
independent, large particle scattering. Fig. 3b shows a blue-shift as
coordination numbers increase from < r> = 2.4 to 2.7, which agrees
with the theoretical Fresnel losses based on measured refractive index.
A large absorption band can be observed around 12.5 μm, attributed to
the impurity absorption of the GeeO bond [20]. The small absorption
bands observed near 3 μm and 4.2 μm have been reported to be due to
OeH and SeeH impurities [21]. Although several impurity bands are
observed, 90% of the compositions have acceptable transmission
(~90% of maximum) for one of the two IR bands (3–5 or 8–12 μm) used
in industry night vision equipment, and seven out of the ten glasses
exhibit broadband infrared transmission covering both regimes. It
should be noted that no effort was made to explicitly purify these
glasses beyond keeping the elemental starting powders in a dry N2

purged glove box. This confirms that the GexGaySe1-x-y chalcogenide
glass system is a promising glass-forming regime for infrared optical
systems.

Fig. 4 shows the calculated absorption coefficients for GexGaySe1-x-y

compositions using measured values of refractive index and transmis-
sion; these values can also be found in Table 2. There is a clear trend
with overall absorption coefficients increasing with increasing Ga
content for compositions with a similar < r> . A second trend is also
observed, in which the absorption coefficient decreases for each Ga mol
% series, as the coordination number < r> = 2.67 is approached.
Although measurement error was significant (mostly due to uncertainty
of measurement of specimen thickness and slight residual wedge within
polished discs), overall trends are larger than the error values for the
first and last data point in each Ga mol % series.

Fig. 5 shows absorption coefficient versus < E > for GexGaySe1-x-y

compositions from < E > = 2.37 to 3.0. The same eight compositions

Fig. 1. Measured glass transition temperatures (Tg) with respect to coordination
number < r > for various GexGaySe1-x-y glasses for the current work compared
to literature values [1,3,5,11,12]. Error bars are within the data points.

Table 1
Summary of characteristic properties of GexGaySe1-x-y glass compositions. Tg and Tx are the temperatures of the glass transition and crystallization, respectively, and
their difference is ΔT. < r > is the glass coordination number and S is the selenium deficiency (defined in Appendix B).

Ge (atf) Ga (atf) Se (atf) < r > S < E > Tg (°C) Tx (°C) ΔT

0.10 0.05 0.85 2.3 −1.8 2.22 99 ± 3.9
0.15 0.05 0.80 2.4 −1.0 2.37 124 ± 2.4 291 ± 4.6 167
0.20 0.05 0.75 2.5 −0.5 2.54 193 ± 4.7 379 ± 3.8 186
0.25 0.05 0.70 2.6 −0.2 2.73 286 ± 5.0 435 ± 2.4 148
0.15 0.10 0.75 2.5 −0.5 2.58 171 ± 4.3 307 ± 3.1 136
0.20 0.10 0.70 2.6 −0.2 2.77 247 ± 3.3 392 ± 4.2 146
0.25 0.10 0.65 2.7 0.1 2.99 374 ± 5.6 489 ± 5.1 115
0.30 0.10 0.60 2.8 0.3 2.93 321 ± 4.9 423 ± 2.8 102
0.20 0.15 0.65 2.7 0.1 3.08 364 ± 4.1 437 ± 3.7 73
0.25 0.15 0.60 2.8 0.3 3.02 317 ± 2.8 377 ± 5.4 60

Fig. 2. Glass transition temperatures, Tg, of GexGaySe1-x-y glasses with respect
to calculated mean bond energies < E > . Linear trend lines have been fit to the
series with > 3 or more data points (i.e., 5 mol% and 10 mol% data sets). Error
bars are within the data points.
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were analyzed as was done for comparisons between absorption coef-
ficient and < r > . Direct linear trends are observed with R2 values of
0.996 and 0.999 for 10 mol% Ga and 5 mol% Ga respectively. A de-
crease in absorption coefficient with increasing average bond energy is
seen for all compositions. For compositions with similar < E > , a
higher ratio of Ga to Ge results in a higher absorption coefficient. Al-
though the measurement error was large, the error bars for the
lowest < E > composition are outside of the error bars for the
highest < E > composition.

Once the transmission and absorption coefficient values were de-
termined, the optical band gap was determined using the ‘non-direct
transition’ model proposed by Tauc [22,23]. Due to previous research
on GexSe1-x glasses, it was assumed that all the GexGaySe1-x-y compo-
sitions in this study have an indirect band gap [24]. For that reason,
r= 2 was used in Eq. (9), the correlation between optical band gap,
absorption coefficient, and bond strength [13,23,25–27],

B E( )g
r= (9)

where Eg is the optical energy gap, B is a constant called the Tauc slope,
ω is the angular frequency, and ℏ is the reduced Planck's constant.

Fig. 6a shows the Tauc plot of the absorption coefficient values. The
optical band gap is determined by a linear extrapolation of the high
energy data to the x-axis (energy). The low-energy values are nearly
identical for all the compositions except Ge0.15Ga0.10Se0.75 and
Ge0.15Ga0.05Se0.80. Fig. 6b is a plot of the photon energies determined
by the intersection of the linear and the calculated optical band gap
values, generated from the Tauc plot, with respect to the corresponding
compositions coordination number. These results are in agreement with
what has been observed in the literature for similar systems; for in-
stance, Tanaka and Lucovsky have observed increases in optical band
gap from < r> = 2.4 to 2.67 for GexSe1-x glass compositions [28,29].

Fig. 7 shows the refractive index at λ = 4.515 μm of the GexGaySe1-

x-y compositions plotted against their respective coordination numbers.
An increase in refractive index is seen as coordination number move
away from < r> = 2.7. Compositions with similar < r > but higher
ratios of Ge to Ga exhibit a higher refractive index. Similar trends were
found in the literature by Wei in GexSbySe1-x-y glasses [30]. In addition,
there is a steeper slope for the composition with excess Ge(Ga), <
r > > 2.67, compared to those with excess Se, < r > < 2.67. The
explanation for this trend is fairly straightforward, as refractive index
has been shown to directly correlate to electronic density. In the case of
Se-deficient glasses, < r > > 2.67, both energy and density increase
which should lead to greater electronic density [2].

3.3. Thermal

Fig. 8 shows the measured heat capacity of the GexGaySe1-x-y series
versus the average coordination number. Values increase from 0.261 J/
g·K for Ge0.10Ga0.05Se0.85 (< r> = 2.3) to 0.305 J/g·K for
Ge0.25Ga0.15Se0.60 (< r> = 2.8). Similar trends have been observed in
GexSe1-x glasses from < r > = 2.3 to 2.8 [31,32]. Calculated heat ca-
pacities for all GexGaySe1-x-y compositions are shown in Fig. 8 and listed
in Table 3. These values range from 0.231 to 0.276 J/g·K and increase
with increasing coordination number similar to measured values. An
exact solution for the Debye function, which was used to calculate the
heat capacity, can be found in Appendix A. Calculated values for Debye
temperature (θD) are found in Table 3 showing that θD varied from 288
to 344 K. Although the measured values are higher than those predicted
by Debye theory, with a maximum difference of ~20% at < r> = 2.3,
an increase in heat capacity with increasing coordination number is
observed in both data sets. The measured values are most likely lower
due to the assumption that acoustic velocities are identical to phonon
vibrational frequencies. Although close, the acoustic velocities measure
less due to defects within the bulk sample and do not exactly represent
the defect-free phonon vibrations.

Fig. 9 shows the thermal conductivity versus the coordination
number for the GexGaySe1-x-y series. Values increase with increasing
coordination number with a minimum of 0.186 W/m·K measured for
Ge0.10Ga0.5Se0.85 (< r > = 2.3) and a maximum of 0.313 W/m·K
measured for Ge0.25Ga0.15Se0.60 (< r> = 2.8). This represents ~40%
increase in thermal conductivity from < r > = 2.3 to 2.8. For compo-
sitions with similar coordination numbers, there appears to be a slight
increase with higher ratios of Ga to Ge. Although these shifts are small,
in most cases they are outside of the error bars, which are within the
data points for almost all the measurements. In addition, the increase in

Fig. 3. Transmission for GexGaySe1-x-y compositions ranging from < r> = 2.3
to 2.8 over the entire spectral range (a) from 0 to 20,000 nm and (b) for the
lower wavelength cut-on transmission edges from 625 to 900 nm. Thickness for
the tested specimens was 2.0 mm ± 0.2. The 5 mol% Ga series is in shades of
gray with solid lines, 10 mol% Ga series is in shades of blue with a dashed line,
and 15 mol% Ga series is in shades of red with a dashed-dot line. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 4. Absorption coefficient for GexGaySe1-x-y versus coordination number
from < r > = 2.4 to 2.8. Absorption coefficients were calculated at
λ = 4.515 μm.
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thermal conductivity does not exhibit a linear trend, but rather,
something closer to a polynomial increase with coordination number.
The real trend is probably not a continuous change with coordination
but rather small inflection shifts at the < r> = 2.4 and 2.67 transition
regimes followed by relatively linear behavior elsewhere.

Lattice and photonic portions of total thermal conductivity were
calculated as shown in Fig. 10 using gas kinetic theory (Eq. (A-1 & 2)).
The lowest lattice conductivity value of 0.059 W/m·K was calculated for
Ge0.10Ga0.5Se0.85 (< r > = 2.3) and the highest value of 0.18 W/m·K
was calculated for Ge0.25Ga0.15Se0.60 (< r > = 2.8). This represents a
change of ~67% in lattice thermal conductivity from < r > = 2.3 to
2.8. Perhaps more surprising than the large shift in calculated lattice
conduction is the large percentage of photon conduction found at room
temperature for all compositions. Photonic thermal transport was re-
sponsible for ~40 to 75% of the overall thermal conductivity across all
the compositions. Photonic thermal conductivity ranged from 0.075 W/
m·K at < r > = 2.3 to 0.168 W/m·K at < r> = 2.6. Values decreased
as coordination number moved away from the chemical ordering
threshold of < r> = 2.67.

4. Discussion

4.1. Glass transition temperature trends

The possible slight inflection at < r> = 2.4 in the Tg as shown in
Fig. 1 indicates that the glass transition temperature is influenced by
the topological structure, and that as the system moves from 1-D chain-
like structure to a 2-D cross-linked structure, and the atoms becomes
more interconnected and resistant to bond breakage and reorganization
due to increasing temperature. The highest value and inflection point,
found at < r > ≈ 2.67, correlates to a structure comprised of edge- and
corning-sharing Ge(Ga)Se4/2 tetrahedra, which was verified at this co-
ordination in Part I [2,3,33–35]. This point is known as the chemical
ordering threshold, which indicates a dominant presence of heteropolar

bonds. Therefore, glass transition temperature in the GexGaySe1-x-y

system is affected by both topological ordering and chemical thresholds
simultaneously. In addition, ΔT (Table 1) exhibits an inverse trend with
S, suggesting that the glass instability is driven by the Se deficiency in
the network. This makes intuitive sense, as Se is the glass former and Ge
(Ga) are network modifiers. Increasing the ratio of network modifier to
glass formers, in theory, would lead to a glass with a lower activation
energy to crystallization.

Physical properties such as Tg can also be connected to the mean
atomic bonding energies of the glass structure as shown in Fig. 2. The
increase in the glass transition temperature can be attributed to the
higher bond energy of heteropolar, as opposed to homopolar, bonds. As
the Ge(Ga) content increases, four-fold coordinated Ge(Ga) atoms (UGe-

Se = 2.12 and UGa-Se = 2.32 eV) substitute for two-fold coordinated Se
atoms (USe-Se = 1.9 eV), which increases the crosslinking and average
bonding energy, resulting in an increase in Tg [13]. Further addition of

Table 2
Summary of measured physical properties of GexGaySe1-x-y glass compositions; atf is atomic fraction.

Ge (atf) Ga (atf) Se (atf) < r > n αAVG (cm−1) kT (W/m·K) cp (J/g·K)

0.10 0.05 0.85 2.3 2.454 ± 0.001 1.68 ± 0.15 0.186 ± 0.002 0.261 ± 0.002
0.15 0.05 0.80 2.4 2.432 ± 0.002 1.23 ± 0.09 0.191 ± 0.001 0.265 ± 0.005
0.20 0.05 0.75 2.5 2.412 ± 0.003 1.06 ± 0.13 0.209 ± 0.002 0.269 ± 0.001
0.25 0.05 0.70 2.6 2.387 ± 0.002 0.88 ± 0.17 0.227 ± 0.002 0.275 ± 0.005
0.15 0.10 0.75 2.5 2.432 ± 0.003 1.77 ± 0.09 0.212 ± 0.002 0.276 ± 0.005
0.20 0.10 0.70 2.6 2.404 ± 0.001 1.32 ± 0.13 0.226 ± 0.003 0.276 ± 0.005
0.25 0.10 0.65 2.7 2.367 ± 0.004 0.91 ± 0.08 0.264 ± 0.001 0.282 ± 0.002
0.30 0.10 0.60 2.8 2.528 ± 0.003 1.05 ± 0.10 0.300 ± 0.002 0.297 ± 0.004
0.20 0.15 0.65 2.7 2.380 ± 0.001 1.38 ± 0.08 0.267 ± 0.001 0.287 ± 0.004
0.25 0.15 0.60 2.8 2.544 ± 0.002 2.45 ± 0.23 0.313 ± 0.002 0.305 ± 0.003

Fig. 5. Absorption coefficient of GexGaySe1-x-y compositions at λ = 4.515 μm
with respect to < E > from 2.2 to 3.1.

Fig. 6. (a) Tauc plot were the solid lines represent the measured experimental
data and dashed lines represent the linear fits of the high energy regions; (b)
calculated optical band gaps using the linear fits.
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Ge(Ga) atoms and removal of Se results in the formation of homopolar
Ge(Ga)eGe(Ga) bonds, where UGe-Ge = 1.63, UGa-Ga = 1.48 eV, and
UGe-Ga = 1.60 eV. The reduction in average bond energy means less
thermal energy is required to break bonds and reorganize the structure,
and results in a reduced Tg. The bonding changes discussed so far were
indeed measured and confirmed to agree with topological constraint
theory in Part I. For instance, compositions of < r > < 2.67 had large
SeeSe vibrational peaks, Ge(Ga)eSe tetrahedral vibrations increased as
compositions approached < r> = 2.67, and Ge(Ga)eGe(Ga) cage-like
units were detected in Se deficient compositions, < r > > 2.67.
Average bond energy calculations have shown that, regardless of the
network dimensionality of any given glass composition, the glass

transition temperature in the GexGaySe1-x-y system is strongly influ-
enced by chemical ordering.

4.2. Absorption and band gap trends

Considering optical absorption, and taking the 10 mol% Ga data set
as a representative series, a value of 1.00 cm−1 was observed for
Ge0.15Ga0.10Se0.75 (< r> = 2.5), a minimum of 0.79 cm−1 was mea-
sured for Ge0.25Ga0.10Se0.65 (< r> = 2.7), and an increase to
0.86 cm−1 was observed for Ge0.30Ga0.10Se0.60 (< r> = 2.8). The

Fig. 7. Refractive index for the GexGaySe1-x-y series at λ = 4.515 μm with re-
spect to coordination numbers from < r> = 2.3 to 2.8. Error bars are within
the data points.

Fig. 8. Measured heat capacity values for GexGaySe1-x-y system with respect to
coordination numbers from < r > = 2.3 to 2.8. Also shown is the calculated
value of heat capacity based on the Debye model.

Table 3
Summary of calculated and theoretical optical, thermal, and mechanical properties for GexGaySe1-x-y glass compositions. Values that were not measured are denoted
with a NM.

Ge (atf) Ga (atf) Se (atf) < r > Ed (eV) Eo (eV) Eg (eV) θD, theo (K) cp, theo (J/g·K) Kl, calc (W/m·K) Kp, calc (W/m·K)

0.10 0.05 0.85 2.3 21.78 ± 0.001 4.417 ± 0.001 NM 231 0.231 0.100 0.075 ± 0.005
0.15 0.05 0.80 2.4 21.55 ± 0.002 4.463 ± 0.002 1.45 ± 0.08 243 0.238 0.098 0.084 ± 0.006
0.20 0.05 0.75 2.5 21.4 ± 0.003 4.521 ± 0.003 1.62 ± 0.05 254 0.247 0.084 0.125 ± 0.007
0.25 0.05 0.70 2.6 21.31 ± 0.002 4.613 ± 0.002 1.71 ± 0.06 265 0.250 0.074 0.154 ± 0.008
0.15 0.10 0.75 2.5 21.96 ± 0.003 4.548 ± 0.003 1.43 ± 0.07 259 0.247 0.073 0.139 ± 0.007
0.20 0.10 0.70 2.6 21.78 ± 0.001 4.636 ± 0.001 1.65 ± 0.08 257 0.250 0.059 0.168 ± 0.008
0.25 0.10 0.65 2.7 21.65 ± 0.004 4.781 ± 0.004 1.85 ± 0.09 299 0.267 0.113 0.151 ± 0.01
0.30 0.10 0.60 2.8 21.55 ± 0.003 4.074 ± 0.003 1.53 ± 0.06 339 0.276 0.160 0.141 ± 0.01
0.20 0.15 0.65 2.7 22.04 ± 0.001 4.803 ± 0.001 1.79 ± 0.07 312 0.267 0.122 0.145 ± 0.008
0.25 0.15 0.60 2.8 21.9 ± 0.002 4.079 ± 0.002 NM 355 0.276 0.179 0.134 ± 0.009

Fig. 9. Measured total thermal conductivity using the TPS method with respect
to coordination numbers from < r> = 2.3 to 2.8. Error bars are found within
the data points.

Fig. 10. Breakdown of lattice and photon thermal conduction mechanisms in
GexGaySe1-x-y series with respect to coordination number from < r > = 2.3 to
2.8. Lattice conduction is shown in shades of gray and solid symbols, and
photon conduction is shown in shades of red with open symbols (colors refer to
the online version of the article). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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inflection near < r > = 2.67 is most likely due to the chemical or-
dering threshold. This suggests that heteropolar Ge(Ga)eSe bonds ab-
sorb less incident electromagnetic radiation than homopolar Ge(Ga)
eGe(Ga) or SeeSe bonds; in other words, there is an inverse relation
between how tightly an atom is bound to its nearest neighbors (as in-
dicated by the bond strength) and its interaction with incident elec-
tromagnetic radiation in the infrared within the GexGaySe1-x-y system.

The linear trend observed when absorption coefficient is plotted
versus average bond energy (Fig. 5) indicates that this property is more
directly affected by the strength of the individual bonds than by the
larger scale topological ordering of the material. The fact that the linear
trends between 5 mol% Ga and 10 mol% Ga show different slopes, and
different values for similar < E > , is most likely due to topological
differences between the structure of the Ge and Ga tetrahedra. A pos-
sible explanation for this could be due to the valence structure of Ga
which only has three electrons to readily donate to the GaSe2 unit, and
charge balance may result in some form of orbital hybridization which
could result in a kinked or altered tetragonal structure compared to
GeSe2. Regardless of the role the topological structure plays between Ge
and Ga tetrahedra, the dominant factor determining overall absorption
coefficient trends within the GexGaySe1-x-y system appears to be average
bond strength.

The reason for the increase in the low energy y-axis values in Fig. 6a
(Tauc plot) for Ge0.15Ga0.10Se0.75 and Ge0.15Ga0.05Se0.80 is due to the
higher wavelength cut-on values for these two compositions caused by
wavelength dependent scatter from nano-crystals. The inverse trend of
the optical band gap, Eg (Fig. 6b), compared to absorption coefficient, α
(Fig. 4), can be explained by the correlation between optical band gap,
absorption coefficient, and bond strength as shown in Eq. (9). This in-
dicates that the absorption coefficient should decrease as Eg increases.
Therefore, optical band gap should increase with increasing average
bond strength, as is observed for the GexGaySe1-x-y compositions in this
study.

The minimum found at < r> = 2.7 for refractive index indicates
that “homopolar” bonds of either SeeSe or Ge(Ga)eGe(Ga) interact
more strongly with incident electromagnetic radiation (producing po-
larization) than “heteropolar” Ge(Ga)eSe bonds predominantly present
at this point. The steeper slope for glasses with Ge(Ga)eGe(Ga) bonding
suggests that metal-metal bonds have a much stronger effect on re-
fractive index than SeeSe bonds, despite the chalcogen ion's higher
polarizability. Further elucidation of the mechanics behind refractive
index can be found in the single oscillator model proposed by Wemple
and DiDomenico [36,37], as shown in Eq. (10):

n E E E E1 ( )/( )d
2

0 0
2 2= (10)

where n is the refractive index, E0 is the energy of the effective dis-
persion oscillator, E is the photon energy, and Ed is the dispersion en-
ergy. For this study, E is a constant since all refractive index measure-
ments were performed at a single wavelength, λ = 4.515 μm. Ed was
calculated with the following Equation [36,37],

E N Z Nd c a e= (11)

where β is a parameter equal to 0.26 eV for ionic bonding and 0.37 eV
for covalent bonding, Nc is the coordination number of the nearest
neighbor cations to the anion, Za is the chemical valence of the anion,
and Ne is the total number of electrons per bonding pair [36,37]. Cal-
culated values of Ed and E0 can be found in Table 3. Ed is roughly four
times the size of E0 for all compositions and decreases as < r >
increases for all compositions. A maximum is observed for E0 at <
r > = 2.7, and values continually decrease as coordination number
moves away from this value. These trends are consistent with those
observed in the literature [28,29]. Typically, E0 is considered a measure
of the average bond energy of the chemical bonds present in the ma-
terial [22]. It then makes sense that E0 increases approaching the <
r > = 2.7 chemical threshold due to the increasing presence of stronger
(Ga)Ge-Se bonds at this point. Ed is a measure of inter-band transitions,

and the decrease in Ed with either Ge or Ga is most likely an indication
of decreasing interconnectivity in the first coordination shell [38]. Ul-
timately, refractive index is dependent on both E0 and Ed and appears to
be strongly affected by both the composition's chemical ordering and
topological structure.

4.3. Heat capacity and thermal conductivity

Debye theory (see Appendix A) has been used to explain the in-
crease in heat capacity with coordination number. An integral-free
expression based on measured acoustic velocities, polylogarithms, and
the Riemann zeta function is shown below [39],

c T Nk DC x( ) 3 { ( )}v B k= (12)

where N is Avogadro's number, kB is the Boltzmann constant, and
DCk(x) is the Debye function with x T

D= . Eq. (12) indicates that all
specific heat values, cv, should be a function of the material's Debye
temperature with specific heat increasing with increasing θD. The fact
that no maximum is observed at < r> = 2.67 indicates that the trends
in heat capacity are not dominated by bond energy (i.e. chemical or-
dering) alone, as this point would have the highest ratio of Ge(Ga)eSe
bonds with the largest bond energy. Therefore, the increase in heat
capacity from < r> = 2.3 to < r > = 2.6 is most likely due to topo-
logical effects resulting from the removal of the chain like SeeSe
structure and addition of Ge(Ga)eSe bonds in tetrahedral GeSe2 and
GaSe2 units. The continued increase in the heat capacity past < r > =
2.67 is due to the addition of Ge(Ga)eGe(Ga) cage-like units. The bond
energy for this homopolar bond is less than that of the heteropolar Ge
(Ga)eSe bond, which leads to reduced vibrational velocities as show in
Table 3. If this were the only factor, one would expect to see reduced
heat capacities at this point, but the greater packing efficiency of these
units leads to higher densities (see Part I), which is what ultimately
leads to increased Debye temperatures (Eq. (A-7)) and further increases
in heat capacity (Eq. (A-8/10)). Therefore, it has been shown both
experimentally and from a first principles model that the heat capacity
is predominantly driven by topological structure and that increased
crosslinking leads to higher heat capacities.

Kinetic gas theory can be used to understand phenomenologically
both the property and structure relationships of thermal conductivity as
shown in Eq. (13) [40,41],

k c v1
3T

i e p l
i i i

, ,
=

= (13)

where ci is the heat capacity, vi is the carrier velocity, λi is the mean free
path of the carrier, and ρ is the bulk density. In this model, the chemical
ordering (i.e., average bond strength) will primarily affect vi, and to-
pological ordering will control the time between scattering events
which correlates to λi. Therefore, there is a direct or linear effect of each
on the total thermal conductivity. As the composition moves across <
r> = 2.4, the Gex-Gay-Se1-x-y structure transitions from one dominated
by 1-D SeeSe chains to a 2-D structure dominated by Ge(Ga)Se2 tet-
rahedral units. At this point, the chemical ordering (directly related to
average bond strength) increases, leading to an increase in vi. In addi-
tion, the 2-D structure is more ordered and will lead to less phonon
scattering, thereby increasing the mean free path of the phonon car-
riers, λi. As the composition moves across < r > = 2.67, the structure
becomes Se-deficient, meaning that the 1-D SeeSe chains disappear,
and the presence of 3-D crosslinked network containing (Ga)eGe(Ga)
bonds appears. The Ge(Ga)eGe(Ga) bonds have a lower mean bond
energy than the Ge(Ga)eSe bonds, which should lead to decreased vi.
Therefore, the continued increase in thermal conductivity must be due
to an increase in λi caused by a reduction in phonon scattering events.
The balance between carrier velocity (vi) decrease and mean free path
(λi) increase is what causes the small inflection at this point. Regardless
of the exact nature of the carrier transport, Gex-Gay-Se1-x-y glasses show
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an increase in heat conduction with the addition of increasing di-
mensionality to the structural units comprising the glass.

This large variation in lattice thermal conductivity suggests that the
glasses examined within the Gex-Gay-Se1-x-y series undergo large topo-
logical and chemical changes in moving from Se-rich to Se-deficient
compositions. The peak lattice thermal conductivity, < r> = 2.8,
correlates to Se-deficient compositions which are predominantly metal-
metal heteropolar bonded tetrahedral Ge(Ga)Se2 structures with the
emergence of cage like Ge(Ga)eGe(Ga) bonding. If bond strength was
the primary driving force for lattice thermal conductivity, we would
expect to see a peak at < r> = 2.67 corresponding to a predominantly
homogenous Ge(Ga)eSe bonds. Therefore, GexGaySe1-x-y glasses show
an increase in lattice conduction with the addition of increasing di-
mensionality originating from the structural units comprising the glass.

The large fraction of photon thermal conductivity found at room
temperature in all GexGaySe1-x-y glasses is in part due to the weak
bonding and low phonon vibrational frequencies found in chalcogen-
ides, leading to some of the lowest lattice thermal conductivity values
found in any material [42,43]. This is an indication that photonic
thermal conduction is driven by chemical ordering, which is further
supported by the large inflection at the chemical transition
threshold < r> = 2.67. For a given Ga concentration and optical fre-
quency (in this case λ = 4.515 μm), as average bond strength increases,
both refractive index and optical absorption of incident electromagnetic
radiation decrease (the one exception to this trend is Ge0.3Ga0.1Se0.6).
There is also the possibility the gas kinetic theory assumptions used to
derive Eq. (A-2) played a role in the discrepancy between photon and
lattice conduction. The assumption of a single refractive index and
absorption coefficient for a given composition is limiting. For instance,
comparisons between sulfur- and selenium-based chalcogenides are
probably invalid as the model does not take into account the width of
the optical transmission band, simply the average absorption coefficient
over all optical wavelengths measured. Fortunately, most of the glasses
in this study exhibited a similar optical transmission regime. This lim-
itation in the optical wavelengths measured could have also lead to the
removal of impurity based effects. As stated previously, the photonic
conduction calculations were determined from optical measurements
strictly at λ = 4.515 μm, which was outside of any observed optical
impurity absorption bands, whereas the lattice thermal conductivity
was determined by subtraction of the calculated photonic conductivity
and the measured total thermal conductivity. It is possible that im-
purities have led to a greater reduction in overall measured thermal
conductivity than the photonic at a single wavelength, which would
decreased the lattice thermal conductivity calculations to a greater
degree than the photonic conductivity calculations. Regardless of the
limitations of the model, the high percentage of photonic thermal

transport calculated at room temperature is most likely real phenomena
due to the extremely weak lattice conduction mechanism as well as the
large infrared transmissivity of GexGaySe1-x-y glasses.

5. Conclusions

Ten crystal-free compositions from 10 to 30 mol% Ge and 5 to
15 mol% Ga were melt-quenched, and their thermal (glass transition
temperature, heat capacity, thermal conductivity) and optical (band
edge absorption, average absorption in transmission window, refractive
index) properties were measured and compared, to assess trends with
average coordination number < r > and average bond strength < E > .
For Se-rich compositions that can be generally considered to be poly-
meric with Se chains connecting Ge(Ga)eSe structural units, thermal
property values increased with increasing coordination. Correlation
between structure and properties was less clear for higher coordination
numbers around < r > = 2.67, in which the composition became in-
creasingly cross-linked, Se deficient, and the emergence of Ge(Ga)eGe
(Ga) cage-like units was detected. Refractive index, glass transition
temperature, and band gap all showed sharp inflections around < r >
= 2.67. These properties are most likely dominated by bond strength
were the highest fraction of Ge(Ga)eSe bonds, which have the high
bond energy, are found at this point. Thermal conductivity and heat
capacity increased through the < r > = 2.67 threshold, indicating a
strong dependence on the topological network of the glass, in which
continued crosslinking and interconnectivity lead to increased magni-
tude of these properties.

Heat capacity and photonic thermal conductivity were estimated by
theoretical models. Photonic conductivity was shown to comprise the
dominant portion of room temperature thermal conductivity, con-
tributing ~30 to 65% of the total thermal conductivity.

Ultimately, this was the first study to thoroughly investigate the
thermal (Part II, this work), optical (Part II, this work), and mechanical
(Part I) properties of the glass forming region of the GexGaySe1-x-y

ternary. Employing this complementary approach to correlate the
compositional impact of structure on properties enables a more com-
plete interpretation of properties based on both calculated and experi-
mentally derived data.
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Appendix A. Theory in thermal properties

Three independent carrier mechanisms are responsible for thermal energy transport in a solid material. Therefore, total thermal conductivity, kT,
is a summation of lattice (kl), photon (kp), and electron (ke) carrier components:

k k k kT p l e= + + (A-1)

Phonon transport is determined by the glass lattice's atomic bonds, electron transport is determined by free electron carriers, and photon
transport is determined by the electron clouds response to electromagnetic radiation [40,41,44]. In order to determine the electron fraction con-
tribution, ke, to the total thermal conductivity, kT, the Wiedemann-Franz law with the theoretical Lorenz number was used. GexGaySe1-x-y compo-
sitions are amorphous semiconductor with electrical conductivities in the range of ~10−11 Ω·cm at 300 K [45]. Therefore, the electronic portion of
thermal conductivity, ke, was assumed to be very small, near 10−19 W/m·K. Due to this, the electronic contribution has been ignored in the present
analysis, leaving just photon and lattice thermal conductivity. A simple equation for photon conduction, kp, can be derived from gas kinetic theory as
shown in Eq. (A-2) [46,47]

k n T16
3p

SB
2 3

=
(A-2)

where σSB is the Stephan-Boltzmann constant, n is the refractive index, T is the temperature, and α is the absorption coefficient for the material. Using
Eq. (A-2), photon thermal conductivity can be calculated with measurements of total thermal conductivity, average absorption coefficient, and
refractive index over the transmissive regime. If ke is ignored, kl can then be determined mathematically using Eq. (A-1).
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Specific heat, cv, can be derived from Debye's model of the phonon spectrum and Slack's model for high temperature (T > θD) thermal con-
ductivity [41,48–53]. The Debye theory assumes that a linear relation exists for all phonon frequencies, ω(q, s), where q is an index which refers to
the wave number and s is an index which refers to the phonon mode. A constant value C(q, s) = CD is assumed such that the Debye frequency is
equivalent to Eq. (A-3) (from Ref. 41) where vD is the ordinary Debye frequency.

C q v( ) 2d D D D= = (A-3)

Derivations of the Debye wave number, qD, lead to the following equivalent expressions, when using either the ωD or vD respectively,

q N V N r M(6 / ) (3 /4 )D A
2 1/3 1/3= = (A-4)

where N is the number of atoms per unit volume, V is the crystal volume, r is the number of atoms in the molecule, M is the average molecular
weight, NA is Avogadro's number, and ρ is the density. Acoustic waves in a real solid are anisotropic, and there are different constants for both
longitudinal, CL, and transverse, CT, acoustic branches which can be related to CD through the following Equation.

c c c
3 1 1
D L T
3 3 3= +

(A-5)

The Debye temperature is a measure of the maximum phonon frequency,

h
kD

D

B
=

(A-6)

where h is Planck's constant, and kB is the Boltzmann's constant [48]. Utilizing Eqs. A-3 through A-6, the Debye temperature can be derived as shown
in Eq. (A-7) [51]

h
k

h
k

N r
M

C C3
4

(1/ ) (2/ )
3D

D

B B

A L T
1/3 3 3 1/3

= = +
(A-7)

Dubinov and Dubinova have developed an exact explicit integral-free expression for the integral Debye function found in the solution of the
Debye heat capacity theory [39]. The integral Debye function for heat capacity with x T

D= is defined as follows.

DC x k
x

t t dt
t

( ) exp( )
[1 exp( )]D k k

x k

0

1

2=
+

(A-8)

Using the Riemann zeta function, ζ(x), and polylogarithms, LiV(x), a finite sum for the integral in Eq. (A-8) can be expressed as follows.

DC x k
x

k k k
m

x Li x( ) ( 1) ! ( 1) ( 1)!
!

[exp( )]k k
m

K
m

k m
0

1

1= + + +

=

+

+
(A-9)

Finally, for k= 3 (3 dimensional heat transfer), Eq. (A-9) can be written as follows

DC x
x

x x
x

x
x

Li x
x

Li x
x

Li x( ) 4
5

3 exp( )
[exp( ) 1]

12 ln[1 exp( )] 36 [exp( )] 72 [exp( )] 72 [exp( )]3
4

3 2 2 3 3 4= + +
(A-10)

Therefore, with experimental or computational measurements of CL, CT, and ρ, one can calculate the thermophysical properties θD(A-8) and cv
can be calculated based on Eq. (A-11).

c T Nk DC x( ) 3 { ( )}v B k= (A-11)

Appendix B. Selenium deficiency

Selenium deficiency (S), is defined such that stoichiometric composition (i.e., a 1:1 ratio of Ge(Ga) to Se) would give a zero value, a Se-deficient
composition would give a negative value, and a Se-rich composition gives a positive value as shown below,

S x y
x y

1 2(1 )
4 4

=
+ (A-12)

where x, y represent the respective atomic fraction of Ge and Ga in the given GexGaySe1-x-y composition.
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