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Abstract: The chemical nquitural homogeneity of selenide glasses produced by mechanical
homogenization of the melt in arocking furnace is investigated by Raman and Energy Dispersive
Spectroscopy (4&)\80 techniques demonstrate that the glass is macroscopically
homogeneous ?g the entire length of a six centimeter rod. EDS imaging performed over four
orders iI‘l_\ /nitl}de in scale further confirm that the glass is homogeneous down to the sub-
miczg cale.SAn estimate of the diffusion coefficient from experimental viscosity data shows
that the ajffusion length is far larger than the resolution of EDS and therefore confirms that the
nsis 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 therefofe still unknown but the

present results demonstrate that homogeneity or dryness do not av@ significant contribution

contrary to previous suggestions. The implications of glass

applications and industrial production are discussed. ‘)
Q
1. INTRODUCTION \\

Chalcogenide glasses have been the sub 0n51derable applied and fundamental research

eity for technological

due to their importance as optical ma }a}s as ‘well as their interest as modeling testbeds for
topological constraints theories,F r&h&t hnological point of view, amorphous chalcogenides
are key materials for the demgn 0 omplex infrared optics such as optical fibers [1], molded
lenses [2] or films [3], %Ve also found growing interest in the field of microelectronics
such as non-volat orle 4] and flexible sensors [5]. In that respect an increasing number
of commercial rce f amorphous chalcogenides has emerged including advanced optics and

raw materidls [ -

=

From {the fulgia ental point of view, chalcogenide glasses are of much interest due to their

cévalent gn ork structure which lends itself well to constraint counting principles and has been

't-h%ba is-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
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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 yeats “t@ investigate possible
correlations between structure, physical properties and topologicakprédictions in chalcogenide
glass systems [12, 14-19]. While some success has been aehieved, 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 systemi [20],the source of the discrepancy appears
to be mainly attributed to an unusual synthesis mgthod, involving static homogenization of the
melt over extended periods of time [23-28]« Yty 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 produeed industrially in the same manner [39, 40]. The melt-
rocking method has been adopted by\thé«chalcogenide glass community early on when it was
recognized that convection considerably reduce synthesis time by facilitating melt
homogenization. Themeed“for mechanical convection to achieve melt homogenization was
reported as far bagk as 1959 J41]. Nevertheless, several reports have recently suggested that melt
homogenizatign should instead be performed statically by natural diffusion over time periods as
long as 17 days [28, 27]. It was further claimed that chalcogenide glasses prepared by melt-
rocking are instead structurally inhomogeneous and exhibit unpredictable and unreliable physical
ptoperties {26, 27]. Despite reports indicating that glasses synthesized by both method behave
identieally [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
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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 te(?ﬁological application of

chalcogenide glasses. 3

Q
II. EXPERIMENTAL \L
A. Glass synthesis \\

~

on Se7s 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 introducingw As and Se elements in a low-OH silica ampoule of

diameter 8 mm previou§ly washed with HF and ultrapure water, and baked at 800°C. The

An arsenic selenide glass rod of comp

ampoule was then bfought to“a 10° Torr vacuum and flame sealed with a hydrogen/oxygen
torch. The ampoé:\){t r{ inserted in a rocking furnace and heated to 750°C at a rate of 5
°C/min ands k ))ere for 10 h. The rocking furnace tipping angle was 45° and the rocking
frequeng_); 56 ?Scillations/min. The furnace temperature was subsequently cooled to 500°C
and .t..? ampé}lle was quenched in water. The ampoule was then immediately transferred to a
f!‘twiyr annealing at 10°C below Tg. A glass rod of approximately 6 cm long was removed
Me ampoule and polished on one side for analysis using 0.05 um alumina suspension as the

final polishing step (Fig. 1).
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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 a§ desgribed*above. The second
glass was heated to 950°C for 192 h (8 days) in a static furnace as deseribed in ref. [23]. Both

glasses were quenched in water and annealed at 10°C below Te 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 As2sSe7s rod at about 1 cm
intervals. EDS mapping images weré_then collected over 4 orders of magnitude length scale

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

Raman spectroscopy avas pesformed along the entire length of the As25Se7s rod at about 6 mm
intervals. Unpolatized “Raman spectra were collected at ambient temperature and in
backscattering geometry“using a Bruker RFS 100/S Fourier-Transform Raman spectrometer
equippedéwitha Nd*Y AG 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 ecm ' ““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,

peumitted to avoid any photostructural damage during data collection.
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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 sampleswyere measured back to

back to avoid any change in environmental conditions. The Dperature was monitored

continuously during the whole set of measurement. ‘)\
—
Q

.)
-

A. Structural and chemical homogeneity d&ﬂx&@ roduced by melt-rocking

ITI. RESULTS

—~—
In order to test the chemical and st e&gﬂ ogeneity of glasses produced by mechanical
s
agitation, an As2sSe7s sample nthesized by melt-rocking for 10h at 750°C. This

composition was chosen becaw the lowest fragility index according to ref. [27] and
should therefore retainda high viscosity with increasing temperature comparative to other
composition in the A§-Sesystem. Its ability to homogenize should therefore constitute an upper
bound in this s te\s\alth gh strictly speaking the absolute temperature dependence of the

viscosity is als }Jnction of Tz which also varies with composition.

£
The stfuctura d/compositional homogeneity was first characterized by Raman spectroscopy as

shown 1n<Ei .31. The Raman spectra are essentially indistinguishable along the 8 points across
th\e tb of the glass rod. As previously demonstrated, Raman spectroscopy is a sensitive probe
~

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
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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. I Tntensity-normalized unpolarized Raman spectra collected at eight points along a 6 cm

—

lohgAs: lass rod produced by melt-rocking. It is evident that all eight spectra are perfectly

‘% imposable on one another, testifying to the structural and chemical homogeneity of the

S~
SS.
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In order to provide a quantitative measure of compositional homogeneity, EDS was also
performed along the length of the As2sSe7s 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 c?‘{ﬁrm that the glass rod is

macroscopically homogeneous. 5

Element Atom % Atom %
Error

As 2438 +/-029 - """
Se 75.62 +/- D66
Total 100.00

Element Atom % Atom %

Error
As 24 47 +/-029
5e 75.58 +/- 066
Total 100,00

Atom % Arom %

Erpod

Atom %
Error

Atom %
Error

N

V.
~
Fig. 2; Quansita ive compositional analysis by EDS on five points along an As2sSezs glass rod
ﬁ
p oducens v melt-rocking. Compositional fluctuations along the rod are well within

)!aeﬂnental error, testifying to the chemical homogeneity of the glass.
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Publishinigr as 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 %éformed over 4 orders of

magnitude in length scale. Figure 3 shows the As and Se comp it1 al maps of the As2sSers

sample ranging from several millimeters to microns. The co \

that the glass is chemically homogeneous at every lengt alewand that no compositional

imaging demonstrates

domains are present even at the smaller scale. Furthermorg, theyompositional average over each
map is identical at each length scale. These res lts(fu,[the‘r)corroborate the previous Raman and

EDS data and establish that melt-rocking for 1ods short as 10h yields homogeneous glasses

at all length scales for samples of a few g‘a\
\ \ -y
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Se K 0 | 1 5

?‘ly {EDS imaging of an As2sSezs glass over 4 orders of magnitude in length scale. The Se and
Asmaps demonstrate that the glass is chemically homogeneous at every length scale. The

compositional average over each map is also identical at each length scale.

10
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B. Comparison of glasses produced statically and by mechanical agitation

The properties of Ge22Sers 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 4¢ shorter synthesis time. In order to
further investigate a possible difference between glasses symthesized 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 GeSes samples produced statically and
by melt-rocking are similar within‘theasutement 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 dre inuline with previously reported densities for glasses produced by
mechanical agitationfof the melf. However, they distinctly depart from the density value of the
glass produced statieally by«Bhosle et al. [24]. Zeidler et al. [20] previously pointed out that Ge-
Se glasses produced following the method of Bhosle et al. exhibit a systematic mismatch in
physical preperties 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
resultingdifference in homogeneity [24-26]. However, the present results establish that this is
notthe case. GeSes 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].

11
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Fig. 4: Density of GeSe4 glass%ne\ d by mechanical agitation (blue) and by static heating

(red). The glasses prepared 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 NO
et al. [46], Ot )

l. [47], Loehman et al. [48], Senapati et al. [49], Feltz et al. [50], Guin et al.

the general literature. Data obtained from Zeidler et al. [20], Yang

[51], S eer /et y [52], Hafiz et al. [53], Ito et al. [54] and Borisova [55].

Q
wg}&x possibility for the discrepancy in physical properties may be the presence of water or
ot

r 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

12
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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 GeSes 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 loygst optical attenuations in
GeSes [56]. It is entirely devoid of water as shown in the atte at@l curve of ref. [56]. The
molar volume of this glass was measured using the remaining\ﬁQ he preform after fiber
drawing. Its value is compared with literature data in Fig. _i 40 46,47, 50, 57]. It is found that
the molar volume of the ultra-high purity glass is in excellent égreement with general literature
values. However, the molar volumes reported by, B(Q‘lee ?1)al. are not in quantitative agreement
and are systematically overestimated. At this AQW\QB’J;known why the values of Bhosle et al.
systematically deviate from the rest of t lkerw but it can be concluded that it is not related
to structural homogeneity or water co ‘frt7A\s~ eviously pointed out by Zeidler et al. [20], the
values of molar volume attributedw evan et al. in ref. [26] were incorrectly copied from
ref. [50]. Here we further note that'the values of molar volume attributed to Mahadevan ef al. in
ref. [24] and [25] also espw to the incorrectly copied data of ref. [50] and were incorrectly

referenced to [51]/ thé be;t f our knowledge the values of Bhosle ef al. do not match any

published data eontrary,to previous claims [24-26].

_g”,
Cy-

\ <
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£
compared with thefvalu tl}é ultra-high purity glass produced by Troles et al. [56]. While most

literature dat, 6173%90611 agreement, the values of Bhosle et al. systematically deviate. This
could be trib/te the presence of impurities such as water.
~

IV. ISbU SSION

<

AiMass transport in As-Se melts

1. Self-diffusion

14
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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 theriéy lowering the chemical

potential at the solid-liquid interface and speeding the dissolution r(@ss. 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 meltAS shewn in Fig. 3, EDS confirms

_—

homogeneity at every scale down to the resolution of ‘the teé)mique (~um). The existence of

A

length scale. A rough estimate of the

inhomogeneity at a sub-micron scale could be hy; o(b&size't} however it can be easily shown that
self-diffusion would proceed within secon %}

diffusion length can be derived using the instein equation (1).

N\

where D is the diffusion coefﬁ%@ is the Boltzmann constant, 7 is the temperature, # is the

viscosity and 7 is th a@dius taken as 1.2 A. Two stages can be considered during
£
las

processing of an ?/S-S séuch as As»sSess. Here we use available viscosity data for Se and
fi

a'm)hﬁsion during the dissolution process. In the first stage at the onset of the

As2Ses to esti

synthesis I'SC}liC issolves in pure selenium. Based on available viscosity data for Se [58, 59],

the di{fu‘s"ton C ffllcient of an arsenic atom in the selenium melt would be D = 1.5-10 cm?/s at

700°C. isotropic diffusion the mean square displacement is [ = V6Dt so that the diffusion

J%g er 1 second would be ~100 um. At the end of the synthesis, the viscosity of As2Ses at
~

°C given by Churbanov [60] yields a diffusion coefficient D = 1.2:10° cm?/s and a diffusion

15
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length of ~30 pm. 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.

A

Several studies have previously suggested that homogenization ¢ ld)not achieved by melt-

2. Viscous flow and fragility

rocking due to the high viscosity of the melt [26-28]. Thesé«conclusions were drawn from

estimates of the high-temperature viscosity of chalcogeni @‘Q,l g the MYEGA equation

(2) [61]: KS

g

10g77(T)lognw+(12—10g77w)76x\—_0ﬁ—lj(7—lﬂ (2)

where log 7., = -5 Pa‘s [62, 63], Tgis t w‘m where 77 = 10'? Pa-s, and the fragility index

m 1is obtained from the activation e ergy ach)rdlng to equation (3):

3
RT lnlO @

Unfortunately, thes ti ates viate from measured values by about three orders of magnitude.
The source of t a tch lles in the underestimated values of the activation energy E. derived
by calorim ry 1n the study of Ravindren ef al. [27]. In Fig. 6 we use the MYEGA equation (1)
to predict t V1sp651ty temperature dependence of As2Ses using both the activation energy Ea

deri ive }vmdren et al. [27] and that derived by Yang et al. [64] yielding a fragility index

m=23.3 851(1 m=39.4 respectively. The temperature where # = 10'? Pa-s, is 443 K based on ref.

\?} . Fhe predicted viscosity is compared with published data from multiple authors [29, 35, 60,

62, 65].

16
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Fig. 6: Fragility plot for AszSes T ed curve is derived from the MYEGA equation using the
activation energy of g% t al. [27] and the blue curve from that of Yang et al. [64].
Experimental visc, szty ta /re from Churbanov [60], Angell [62], Malek [65], Nemilov [29]

and Musgrav . tempemture values were obtained by oscillating cup viscometry.

The viscosityAerived from Yang et al. [64] shows an excellent fit with literature data. On the

~

other hand, tl)e 1scosity derived by Ravindren et al. [27] is largely overestimated and close to
ﬁ

that of sSlica, the strongest known glass-former. In particular, the viscosity value at 700 °C

?syn{te by Ravindren at al. is # > 20 Pa-s, which would be equivalent to that of ketchup at

ro temperature. Experimentalists familiar with chalcogenide melt synthesis would

instantaneously recognize that this is not a realistic value.

17
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Overall, the results of Fig. 6 indicate that the viscous properties of As2Ses glasses produced by
static heating for extensive periods of time by Ravindren ef 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 gnknewn, ¢xposure to extreme
temperatures for such extensive time periods (up to 17 days) (w to the introduction of
significant concentration of impurities in the glass, especially 1f few-OH quartz tubes are not

_—

used for the synthesis. This may account for the sy matich deviation in physical behavior

-

observed in ref. [23-28] but without further inves iggﬁgn fl’ly is only a speculation.
\ L
\
B. Relevance to technological application of‘ehalcogenide glasses

One of the main technologic@};@{o

s of chalcogenide glasses involves the design of
advanced infrared optical elements [d, 2[. In these applications, the chemical homogeneity of the
glass is of uttermost 'v@ as it is crucial to the fabrication process as well as the
performance of y<<pro uct. Much effort has therefore been devoted to optimizing and

monitoring the g]g%m\ogeneity both at the laboratory and industrial scale.

1. Photonic crystal fibers

-
The ﬂ\p(@% of photonic crystal fibers is based on controlling the effective index of a
mi ros‘m&ytured cladding in order to achieve light confinement (inset of Fig. 7). Adequate
ﬁlipulation 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

18
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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]. (Pfence, any uncontrolled
compositional fluctuation would immediately compromise the i(ﬁ?% properties and lead to

high optical losses. The low optical losses reported in IN erefore testify to the

compositional homogeneity of the glass. But maybe more igp%lﬁy, the glass viscosity is also
—

highly dependent on composition and would affect both'the 7 gynd fragility of the melt. Hence,

any compositional fluctuation in the preform of pQQ_Loni‘C)crystal fiber would lead to inevitable

A
distortion of the cladding geometry during the‘d% iber drawing process. In turn, this would

compromise the guiding properties. Th&%gular geometry and low optical loss of the
refo

photonic crystal fiber shown in Fig. ¢ also testify to the high homogeneity of the

N

N/
A
<
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/@scrl’bed in [1]. Optical losses as low as 0.13 dB/m at 6 um

g the
testify to the com?i {l hylogeneity of the glass.

o

2. Indu tré/\d/ction of molded lenses
ﬁ
g&

AsssSes2 followin,

)xple preparations discussed above dealt with the production of laboratory size

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

NS

ough 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 chalcogeni(}/ lenses have developed
optimized procedures for melt homogenization. These procedugés Ryst be«completed within
short time-frames compatible with commercial production and%olv\e echanical agitation for
fast homogenization. In order to guaranty the quality of t}}_i }m the refractive index of the
glass is also monitored within batches as well as between b§tches. The reproducibility of a
commercial Ge22As20Sess glass produced over 15 (@rs T%depicted in Fig. 8. The variation in
refractive index between batches is ~An = 0.0002 w cLh— is within the limit of accuracy of the

prism coupling technique. For comparichhange in composition in AsSeS glass leads to
Its

a change in index An = 0.15 [67]. The W‘eﬁu

s dicate that mechanical agitation is an effective

homogenization procedure not,on \ oratory scale samples but also for kilogram size

X

industrial batches.

Q
&
o)
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V. c CLUfION

Th helhcal and structural homogeneity of a selenide glass synthesized by mechanical agitation
a %cking furnace was investigated by EDS and Raman spectroscopy. Both EDS and Raman

confirm the macroscopic compositional homogeneity along the entire length of the As2sSers
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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 {/e resolution of the EDS
technique, thereby confirming that the glass is homogeneous aﬂjengt scale. In order to
investigate the systematic mismatch in physical properties rep(}w e literature for glasses
produced by extended static synthesis, two GeSes glasses _v: produced in identical conditions

except for the homogenization step. No difference in p sicaﬁproperties is found between the

GeSes glass. The systematic mismatch in ph\ perties between glasses produced in ref.
[23-28] and the general literature is curr tl@wn but the present results demonstrate that it

is not the result of homogeneity or dry ?Wsﬁg viously suggested.
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