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Abstract: The chemical and structural homogeneity of selenide glasses produced by mechanical
homogenization of the melt in a rocking furnace is investigated by Raman and Energy Dispersive
Spectroscopy (EDS). Both techniques demonstrate that the glass is macroscopically
homogeneous along the entire length of a six centimeter rod. EDS imaging performed over four
orders in magnitude in scale further confirm that the glass is homogeneous down to the sub-
micron scale. An estimate of the diffusion coefficient from experimental viscosity data shows
that the diffusion length is far larger than the resolution of EDS and therefore confirms that the
glass is homogeneous at any length scale. In order to investigate a systematic mismatch in
physical properties reported in the literature for glasses produced by extended static

homogenization, two germanium selenide samples are produced in the same conditions except
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for the homogenization step, one in a rocking furnace for 10 h and one in a static furnace for 192
h. No difference in physical properties is found between the two glasses. The properties of an
ultra-high purity glass are also found to be identical. The origin of the systematic deviation
reported in the literature for germanium selenide glasses is therefore still unknown but the
present results demonstrate that homogeneity or dryness do not have a significant contribution
contrary to previous suggestions. The implications of glass homogeneity for technological

applications and industrial production are discussed.

I. INTRODUCTION

Chalcogenide glasses have been the subject of considerable applied and fundamental research
due to their importance as optical materials as well as their interest as modeling testbeds for
topological constraints theories. From the technological point of view, amorphous chalcogenides
are key materials for the design of complex infrared optics such as optical fibers [1], molded
lenses [2] or films [3], but they have also found growing interest in the field of microelectronics
such as non-volatile memories [4] and flexible sensors [5]. In that respect an increasing number
of commercial sources of amorphous chalcogenides has emerged including advanced optics and

raw materials [6-10].

From the fundamental point of view, chalcogenide glasses are of much interest due to their
covalent network structure which lends itself well to constraint counting principles and has been
the basis for the development of topological theories [11-14]. Indeed the similar electronegativity
of the component elements leads to a strong covalent bonding schemes where each atoms

follows Mott’s 8-N rule. In this scheme, each atom generates a well-defined number of bonds



determined by its valence. This permits the enumeration of topological constraints including
bond and angular constraints which controls the rigidity of the glassy network and is believed to

help predict some of its physical properties.

A large number of studies have been performed over the years to investigate possible
correlations between structure, physical properties and topological predictions in chalcogenide
glass systems [12, 14-19]. While some success has been achieved, an increasing body of
conflicting results has also been reported with difficulties in reproducing certain findings [20-
22]. As pointed out in a review of the Ge-Se system [20], the source of the discrepancy appears
to be mainly attributed to an unusual synthesis method involving static homogenization of the
melt over extended periods of time [23-28]. Yet, a brief survey of the literature indicates that
chalcogenide glasses have been synthesized by melt-rocking for more than fifty years [14, 22,
29-38] and that they are currently produced industrially in the same manner [39, 40]. The melt-
rocking method has been adopted by the chalcogenide glass community early on when it was
recognized that convection considerably reduce synthesis time by facilitating melt
homogenization. The need for mechanical convection to achieve melt homogenization was
reported as far back as 1959 [41]. Nevertheless, several reports have recently suggested that melt
homogenization should instead be performed statically by natural diffusion over time periods as
long as 17 days [23, 27]. It was further claimed that chalcogenide glasses prepared by melt-
rocking are instead structurally inhomogeneous and exhibit unpredictable and unreliable physical
properties [26, 27]. Despite reports indicating that glasses synthesized by both method behave
identically [42], the inhomogeneity claim has been echoed in subsequent studies [43, 44] and are
a source of increasing confusion in the field. If these claims are correct, they are of tremendous

significance since they cast doubt over five decades of chalcogenide glass research. In this study



we therefore perform a thorough and systematic investigation of structural and chemical
homogeneity in a selenide glass to address this issue. We then discuss melt homogenization from
the point of view of viscous flow and diffusivity, and show that our findings are consistent with
data obtained from industry as well as observations from technological application of

chalcogenide glasses.

II. EXPERIMENTAL
A. Glass synthesis

An arsenic selenide glass rod of composition As;sSess corresponding to the lowest fragility index
reported in ref. [27] was synthesized using the rock-melting method. A glass rod of mass 18 g
was produced by introducing 6N purity As and Se elements in a low-OH silica ampoule of
diameter 8 mm previously washed with HF and ultrapure water, and baked at 800°C. The
ampoule was then brought to a 10 Torr vacuum and flame sealed with a hydrogen/oxygen
torch. The ampoule was then inserted in a rocking furnace and heated to 750°C at a rate of 5
°C/min and kept there for 10 h. The rocking furnace tipping angle was 45° and the rocking
frequency was 6 oscillations/min. The furnace temperature was subsequently cooled to 500°C
and the ampoule was quenched in water. The ampoule was then immediately transferred to a
furnace for annealing at 10°C below 7,. A glass rod of approximately 6 cm long was removed
from the ampoule and polished on one side for analysis using 0.05 pm alumina suspension as the

final polishing step (Fig. 1).



Two germanium selenide samples of composition GeSes were also synthesized, one using the
rock-melting method described above and one using the static method described by Bhosle ef al.
[23] for comparison. Both glasses were produced using the same batch of 6N purity Ge and Se
elements and the same low-OH silica tubes 6 mm in diameter sealed under 10°® Torr vacuum.
The first glass was heated to 950°C for 12 h in a rocking furnace as described above. The second
glass was heated to 950°C for 192 h (8 days) in a static furnace as described in ref. [23]. Both

glasses were quenched in water and annealed at 10°C below 7, following the same procedure.
B. Energy Dispersive Spectroscopy (EDS)

EDS was performed with a Hitachi S3400 scanning electron microscope at 30 keV.
Compositional analysis was performed along the entire length of the As;sSess rod at about 1 cm
intervals. EDS mapping images were then collected over 4 orders of magnitude length scale

ranging from 500 nm to 500 pm and a collection time of 5 min for each point.
C. Raman Spectroscopy

Raman spectroscopy was performed along the entire length of the As;sSess rod at about 6 mm
intervals. Unpolarized Raman spectra were collected at ambient temperature and in
backscattering geometry using a Bruker RFS 100/S Fourier-Transform Raman spectrometer
equipped with a Nd:YAG laser operating at 1064 nm and a liquid nitrogen cooled solid-state Ge
detector. A laser power level of 50 mW was used, and spectra were collected using a resolution
of 2 cm”. Approximately 100 scans were collected and averaged to obtain each Raman
spectrum. The low photon energy and the low power level, used to collect the Raman spectra,

permitted to avoid any photostructural damage during data collection.



D. Density

The densities of the two GeSes samples were measured by the Archimedes method using a
Mettler Toledo XS64 balance with absolute ethanol as the displacement liquid at ambient
temperature. Each measurement was repeated 6 times and both samples were measured back to
back to avoid any change in environmental conditions. The temperature was monitored

continuously during the whole set of measurement.

ITII. RESULTS

A. Structural and chemical homogeneity of glasses produced by melt-rocking

In order to test the chemical and structural homogeneity of glasses produced by mechanical
agitation, an AsjsSe;s sample was synthesized by melt-rocking for 10h at 750°C. This
composition was chosen because it has the lowest fragility index according to ref. [27] and
should therefore retain a high viscosity with increasing temperature comparative to other
composition in the As-Se system. Its ability to homogenize should therefore constitute an upper
bound in this system, although strictly speaking the absolute temperature dependence of the

viscosity is also a function of 7, which also varies with composition.

The structural and compositional homogeneity was first characterized by Raman spectroscopy as
shown in Fig. 1. The Raman spectra are essentially indistinguishable along the 8 points across
the length of the glass rod. As previously demonstrated, Raman spectroscopy is a sensitive probe
of structural and chemical fluctuations in the As-Se system [45]. Variations in composition or

local structure would lead to changes in vibrational density that would be easily observable on



the Raman spectra. This result therefore indicates that the glass rod produced by melt-rocking is

macroscopically homogeneous along the entire length of the rod.
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Fig. 1: Intensity-normalized unpolarized Raman spectra collected at eight points along a 6 cm
long As;sSe;s glass rod produced by melt-rocking. It is evident that all eight spectra are perfectly
superimposable on one another, testifying to the structural and chemical homogeneity of the

glass.



In order to provide a quantitative measure of compositional homogeneity, EDS was also
performed along the length of the As)sSe;s glass rod as shown in Fig. 2. The atomic ratio is
found to be highly reproducible along the length of the glass rod and well within the
measurement error. These data corroborate the Raman results and confirm that the glass rod is
macroscopically homogeneous.

Element Atom % Atom %
Error

As 24.38 +/-029
Le 75.62 +/- 066
Total 100,00

Element Atom % Atom %
Error
As 24,42 +/- 029
Se 75.58 +/- 0BG
Total 100000

Element Atorn % Atom %

Error

As 24.43 +/- 0329

Se 75.57 +/- 065
Total 100,00

Element  Atom % Atom %
Error
As 2439 +/- 028
e 7561 +/- 0.64
Total 100.00

Element Atom% Atom %
Ernor
As 2456 +/-0.29
Se 75.44 +/-0.64
Total 100.00

Fig. 2: Quantitative compositional analysis by EDS on five points along an As;sSe;s glass rod
produced by melt-rocking. Compositional fluctuations along the rod are well within

experimental error, testifying to the chemical homogeneity of the glass.



It was previously conjectured that agitation in a rocking furnace only fragments the melt into
domains of different compositions [27], however no experimental evidence was provided to
inform on the potential length scale of these domains. In order to investigate the possible
presence of compositional domains in the glass, EDS imaging was performed over 4 orders of
magnitude in length scale. Figure 3 shows the As and Se compositional maps of the As;sSers
sample ranging from several millimeters to microns. The compositional imaging demonstrates
that the glass is chemically homogeneous at every length scale and that no compositional
domains are present even at the smaller scale. Furthermore, the compositional average over each
map is identical at each length scale. These results further corroborate the previous Raman and
EDS data and establish that melt-rocking for periods as short as 10h yields homogeneous glasses

at all length scales for samples of a few grams.



Fig. 3: EDS imaging of an As;sSe;s glass over 4 orders of magnitude in length scale. The Se and
As maps demonstrate that the glass is chemically homogeneous at every length scale. The

compositional average over each map is also identical at each length scale.
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B. Comparison of glasses produced statically and by mechanical agitation

The properties of GeySess glasses produced by melt-rocking for 34h and 192h have been
previously measured by Li et al. [42]. It was found that glasses subjected to extensive
homogenization time up to 8 days did not exhibit significant difference in structure or
calorimetric properties in comparison to glasses subjected to shorter synthesis time. In order to
further investigate a possible difference between glasses synthesized statically and through
mechanical agitation we have reproduced strictly the static synthesis method of Bhosle et al. [23]
and compared it with the standard melt-rocking method. The two glasses were compared by
measuring their densities as it has been previously suggested that this physical property is highly
sensitive to homogenization [24-26]. The densities of the GeSe4 samples produced statically and
by melt-rocking are similar within measurement error with 4.336(3) and 4.331(3) g/cm’ for the
rocked and static sample respectively. These values are compared with literature data in Fig. 4
[20, 46-55]. Our values are in line with previously reported densities for glasses produced by
mechanical agitation of the melt. However, they distinctly depart from the density value of the
glass produced statically by Bhosle et al. [24]. Zeidler et al. [20] previously pointed out that Ge-
Se glasses produced following the method of Bhosle ef al. exhibit a systematic mismatch in
physical properties compared to that generally reported in the literature. It was previously
suggested that this discrepancy may be due to the difference in glass preparation and the
resulting difference in homogeneity [24-26]. However, the present results establish that this is
not the case. GeSey glasses prepared with the same starting elements exhibit identical properties
irrespective of the preparation method as shown in Fig. 4. These findings are consistent with that

of Li et al. [42].
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Fig. 4: Density of GeSey glasses prepared by mechanical agitation (blue) and by static heating
(red). The glasses prepared by the two methods in the present study do not show an
experimentally significant difference in density. On the other end the value reported by Bhosle et
al. [24] notably departs from the general literature. Data obtained from Zeidler et al. [20], Yang
etal. [46], Ota et al. [47], Loehman et al. [48], Senapati et al. [49], Feltz et al. [50], Guin et al.

[51], Sreeram et al. [52], Hafiz et al. [53], Ito et al. [54] and Borisova [55].

Another possibility for the discrepancy in physical properties may be the presence of water or
other impurities in the glass. Indeed, it was stated in ref. [43] that dryness affects the glass

properties and furthermore, the density of glasses designated as “wet” and “dry” was shown to
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diverge in ref. [24-26], although no spectroscopic or other quantitative measure of water content
was provided to support that claim. In order to test this possibility, we measured the density of an
ultra-high purity GeSe, glass used to fabricate low-loss optical fibers. This glass constitutes the
state-of-the-art in glass purity and currently holds the record for lowest optical attenuations in
GeSey [56]. It is entirely devoid of water as shown in the attenuation curve of ref. [56]. The
molar volume of this glass was measured using the remaining part of the preform after fiber
drawing. Its value is compared with literature data in Fig. 5 [24, 46, 47, 50, 57]. It is found that
the molar volume of the ultra-high purity glass is in excellent agreement with general literature
values. However, the molar volumes reported by Bhosle et al. are not in quantitative agreement
and are systematically overestimated. At this stage it is unknown why the values of Bhosle ef al.
systematically deviate from the rest of the literature but it can be concluded that it is not related
to structural homogeneity or water content. As previously pointed out by Zeidler et al. [20], the
values of molar volume attributed to Mahadevan et al. in ref. [26] were incorrectly copied from
ref. [50]. Here we further note that the values of molar volume attributed to Mahadevan et al. in
ref. [24] and [25] also correspond to the incorrectly copied data of ref. [50] and were incorrectly
referenced to [57]. To the best of our knowledge the values of Bhosle et al. do not match any

published data contrary to previous claims [24-26].
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Fig. 5: Molar volume of Ge-Se glasses as a function of composition. Literature data are
compared with the value of the ultra-high purity glass produced by Troles et al. [56]. While most
literature data are in good agreement, the values of Bhosle et al. systematically deviate. This

could be attributed to the presence of impurities such as water.

IV. DISCUSSION
A. Mass transport in As-Se melts

1. Self-diffusion

14



During the synthesis of an As-Se glass near 700 °C, arsenic is solid while selenium is liquid.
Solid arsenic therefore dissolves in liquid selenium which has a viscosity near that of water at
700 °C [58, 59]. It is a basic staple of mass transport theories that forced convection facilitates
the dissolution process by rejuvenating the surface concentration thereby lowering the chemical
potential at the solid-liquid interface and speeding the dissolution process. The result is identical
to that of natural diffusion but agitation by stirring considerably speeds up the process. The same
principle applies to rocking an As-Se chalcogenide glass melt. As shown in Fig. 3, EDS confirms
homogeneity at every scale down to the resolution of the technique (~um). The existence of
inhomogeneity at a sub-micron scale could be hypothesized, however it can be easily shown that
self-diffusion would proceed within seconds at that length scale. A rough estimate of the

diffusion length can be derived using the Stokes-Einstein equation (1).

__ kpT
a é6mnr

(1

where D is the diffusion coefficient, &z is the Boltzmann constant, 7 is the temperature, # is the
viscosity and r is the atomic radius taken as 1.2 A. Two stages can be considered during
processing of an As-Se glass such as As;sSess. Here we use available viscosity data for Se and
As,Ses to estimate diffusion during the dissolution process. In the first stage at the onset of the
synthesis, arsenic dissolves in pure selenium. Based on available viscosity data for Se [58, 59],
the diffusion coefficient of an arsenic atom in the selenium melt would be D = 1.5-10”° cm?/s at
700°C. For isotropic diffusion the mean square displacement is [ = v/6Dt so that the diffusion
length over 1 second would be ~100 pum. At the end of the synthesis, the viscosity of As;Se; at

700°C given by Churbanov [60] yields a diffusion coefficient D = 1.2-10"° cm?/s and a diffusion
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length of ~30 pum. In either case this length is far larger than the spatial resolution of the EDS

map and therefore confirms that the glass is indeed homogeneous at all length scale.
2. Viscous flow and fragility

Several studies have previously suggested that homogenization could not be achieved by melt-
rocking due to the high viscosity of the melt [26-28]. These conclusions were drawn from

estimates of the high-temperature viscosity of chalcogenide melts using the MYEGA equation

(2) [61]:

log (T = logn, +(12—1lo )Qex o )| )
gn gn., 877 || 5 0am -

where log 7., = -5 Pa's [62, 63], T, is the temperature where 1 = 10" Pa-s, and the fragility index

m is obtained from the activation energy E, according to equation (3):

me— Lo 3)
RTg In10

Unfortunately, these estimates deviate from measured values by about three orders of magnitude.
The source of that mismatch lies in the underestimated values of the activation energy E, derived
by calorimetry as in the study of Ravindren et al. [27]. In Fig. 6 we use the MYEGA equation (1)
to predict the viscosity temperature dependence of As,Se; using both the activation energy E,
derived by Ravindren ef al. [27] and that derived by Yang et al. [64] yielding a fragility index
m=23.3 and m=39.4 respectively. The temperature where 7 = 10'? Pa-s, is 443 K based on ref.
[29]. The predicted viscosity is compared with published data from multiple authors [29, 35, 60,

62, 65].
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Fig. 6: Fragility plot for As;Se;. The red curve is derived from the MYEGA equation using the
activation energy of Ravindren et al. [27] and the blue curve from that of Yang et al. [64].
Experimental viscosity data are from Churbanov [60], Angell [62], Malek [65], Nemilov [29]

and Musgraves [35]. High temperature values were obtained by oscillating cup viscometry.

The viscosity derived from Yang et al. [64] shows an excellent fit with literature data. On the
other hand, the viscosity derived by Ravindren ef al. [27] is largely overestimated and close to
that of silica, the strongest known glass-former. In particular, the viscosity value at 700 °C
estimated by Ravindren at al. is # > 20 Pa-s, which would be equivalent to that of ketchup at
room temperature. Experimentalists familiar with chalcogenide melt synthesis would

instantaneously recognize that this is not a realistic value.
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Overall, the results of Fig. 6 indicate that the viscous properties of As,Ses glasses produced by
static heating for extensive periods of time by Ravindren et al. [27] are not in quantitative
agreement with general literature values. This mismatch in viscous properties is reminiscent of
the mismatch in other physical properties discussed in section III B and ref. [20] for Ge-Se
glasses. While the origin of this systematic mismatch is currently unknown, exposure to extreme
temperatures for such extensive time periods (up to 17 days) could lead to the introduction of
significant concentration of impurities in the glass, especially if low-OH quartz tubes are not
used for the synthesis. This may account for the systematic deviation in physical behavior

observed in ref. [23-28] but without further investigation this is only a speculation.

B. Relevance to technological application of chalcogenide glasses

One of the main technological applications of chalcogenide glasses involves the design of
advanced infrared optical elements [1, 2]. In these applications, the chemical homogeneity of the
glass is of uttermost importance as it is crucial to the fabrication process as well as the
performance of the final product. Much effort has therefore been devoted to optimizing and

monitoring the glass homogeneity both at the laboratory and industrial scale.

1. Photonic crystal fibers

The principle of photonic crystal fibers is based on controlling the effective index of a
microstructured cladding in order to achieve light confinement (inset of Fig. 7). Adequate
manipulation of the effective refractive index requires rigorous control of the linear index and
cladding geometry along the fiber length. In that respect, exquisite control of compositional
homogeneity is essential as it would affect both the linear refractive index of the glass and the
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ability to maintain a regular geometry during drawing. The sensitivity of the refractive index on
compositional fluctuations is well established as it is the basis for light confinement in core/clad
fibers. Indeed, a compositional mismatch of only a few percent is typically introduced between
the core and clad glass to achieve single mode guiding [66]. Hence, any uncontrolled
compositional fluctuation would immediately compromise the guiding properties and lead to
high optical losses. The low optical losses reported in Fig. 7 therefore testify to the
compositional homogeneity of the glass. But maybe more importantly, the glass viscosity is also
highly dependent on composition and would affect both the 7, and fragility of the melt. Hence,
any compositional fluctuation in the preform of a photonic crystal fiber would lead to inevitable
distortion of the cladding geometry during the delicate fiber drawing process. In turn, this would
compromise the guiding properties. The highly regular geometry and low optical loss of the
photonic crystal fiber shown in Fig. 7 therefore also testify to the high homogeneity of the

constitutive glass.
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Fig. 7: Optical attenuation of a photonic crystal fiber and single index fiber made of high purity
As;zsSes: following the method described in [1]. Optical losses as low as 0.13 dB/m at 6 um

testify to the compositional homogeneity of the glass.

2. Industrial production of molded lenses

While the sample preparations discussed above dealt with the production of laboratory size

samples (typically 5-20 grams), industrial glasses on the kilogram scale are also produced

through the same melt-rocking process (Fig. 8) [2, 6].
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Applications such as thermal imaging involve the design of precision lenses such as spherical,
aspherical and diffractive lenses [2]. Effective operation of these advanced optical systems
requires lenses with extremely homogeneous and reproducible refractive index in the mid-
infrared. For that reason, commercial distributors of chalcogenide lenses have developed
optimized procedures for melt homogenization. These procedures must be completed within
short time-frames compatible with commercial production and involve mechanical agitation for
fast homogenization. In order to guaranty the quality of the products, the refractive index of the
glass is also monitored within batches as well as between batches. The reproducibility of a
commercial GeyAsySess glass produced over 15 years is depicted in Fig. 8. The variation in
refractive index between batches is ~An = 0.0002 which is within the limit of accuracy of the
prism coupling technique. For comparison, a 2% change in composition in AsSeS glass leads to
a change in index An = 0.15 [67]. These results indicate that mechanical agitation is an effective
homogenization procedure not only for laboratory scale samples but also for kilogram size

industrial batches.
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Fig. 8: Batch dependence of the refractive index of the GASIR® glass produced by Umicore IR
glass over 15 years. The reproducibility of the glass refractive index is within the accuracy of
measurement bench An = 2x107°. The refractive index was measured at 10 um. Inset: A large
diameter chalcogenide glass cylinder such as that used for industrial production of molded

lenses.

V. CONCLUSION

The chemical and structural homogeneity of a selenide glass synthesized by mechanical agitation
in a rocking furnace was investigated by EDS and Raman spectroscopy. Both EDS and Raman

confirm the macroscopic compositional homogeneity along the entire length of the As;sSess
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glass rod prepared by melt-rocking over 10h. Moreover, EDS imaging at scales ranging over four
orders of magnitude demonstrate homogeneity at all length down to the sub-micron scale.
Calculations of the diffusion coefficient based on the Stokes-Einstein equation and experimental
viscosity data indicate that the diffusion length is far larger than the resolution of the EDS
technique, thereby confirming that the glass is homogeneous at all length scale. In order to
investigate the systematic mismatch in physical properties reported in the literature for glasses
produced by extended static synthesis, two GeSe4 glasses were produced in identical conditions
except for the homogenization step. No difference in physical properties is found between the
two glasses. An excellent match in physical properties is also found with an ultra-high purity
GeSe, glass. The systematic mismatch in physical properties between glasses produced in ref.
[23-28] and the general literature is currently unknown but the present results demonstrate that it

is not the result of homogeneity or dryness, as previously suggested.
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