INTERNATIONAL JOURNAL OF

Applied Gl
PP ecience

Chalcogenides-Part I

Matthieu Micoulaut

International Journal of Applied Glass Science 3 [3] 189-204 (2012)

DOI:10.1111/.2041-1294.2012.00093.x

Melt Homogenization and Self-Organization in

Siddhesh Bhosle, Kapila Gunasekera,* and Punit Boolchand ™

School of Electronics and Computing Systems, College of Engineering and Applied Science, University of
Cincinnati, Cincinnati, Ohio 45221-0030

Laboratoire de Physique Theorique de la Matiere Condensee, Universite Pierre et Marie Curie,Boite
121, 4 Place Jussien, 75252, Paris Cedex 05, France

An FT-Raman profiling method is developed to monitor growth of structural homogeneity of binary Ge,Sejo., melts in
real time (#r) non-invasively as starting materials are reacted over days. Raman spectra of quenched melts were acquired along
a one inch long column of a sample in a quartz tube. In the first step of reaction, i < 2 days, Ge-rich crystalline- and glassy-

phases form and coexist with Se-rich glasses. In the second step, # extending up to 7 days, local structures characteristic of

melts/glasses form, and steadily homogenize as Ge and Se atoms diffuse. The process terminates when all Raman lineshapes

taken along the length of a sample coalesce into wunique profile. Several factors contribute to the long reaction time # for
melts to homogenize, including liquid density difference of Ge and Se, diffusion controlled nanoscale mixing of melts, batch
dryness, batch sizes, and laser spot size. Physical properties of such homogeneous Ge,Se1q¢. glasses are found to be quite differ-
ent from their inhomogeneous counterparts realized after the first step of reaction. Slow homogenization of chalcogenides melts

may occur generally. Variations in physical properties of chalcogenide glasses possessing nominally the same composition may

have their origin in structural heterogeneity and purity.

Introduction

In glass science, since its inception, melts have
been reacted and equilibrated above the liquidus, typi-
cally for times ranging from a few hours to a several
tens of hours."® To the best of our knowledge there
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has not been a diagnostic structural probe to non-inva-
sively track evolution of melt homogeneity in real time.
Unlike crystalline solids that form at a distinct stoichi-
ometry by seed growth in a melt, glasses form over a
wide range of stoichiometry. Thus, a glass composition
obtained by melt quenching can only be homogeneous
if melts are homogeneously alloyed. And although
much is known on the thermodynamics of glass form-
ing melts'" much less is known on the kinetics of
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homogenization of such melts. In probing physical
properties of glassy solids as a function of chemical
composition, homogeneity is paramount. Although
some physical properties, such as variation of glass tran-
sition temperature with composition, 7,(x), may with-
stand some glass heterogeneity, many other properties
such as the variations in enthalpy of relaxation at 7,
molar volumes, Raman mode frequency, and refractive
index, each may be smeared due to glass structural het-
erogeneity. The power of Raman profiling as a diagnos-
tic tool to characterize melt structural heterogeneity was
recently introduced.'”'? One found that 2-g sized
melts of the well-studied"*”'*'® Ge,Se;q0.. binary
took at least 168 h (7 days) to homogenize on a scale
of 10 um when reacted at 950°C. How does a melt
homogenize? What factors control the process of melt
homogenization in chalcogenides? We address some of
these issues in the present work. We also find traces of
water can promote melt homogenization but the result-
ing wet glasses possess physical properties that are
intrinsically quite different from those of their dry
counterparts. Differences in 7,, molar volumes, and
enthalpy of relaxation of 7, between dry and wet chalc-
ogenides glasses can be traced to some of bridging Se
sites in the former replaced by dangling [OH] and [H]
ends in the latter. These considerations apply to oxide

glasses as well,'”?°

and is a point of ongoing discus-
sions. To establish the intrinsic physical behavior of
network glassy alloys as a function of composition, it is
crucial to synthesize dry and homogeneous samples. Glass
homogeneity is required not only to explore the basic
science of the disordered state of matter’ * but also
the ultimate performance of glass products in industry.”

The Ge,Sejgo.. binary is perhaps one of the
most thoroughly investigated chalcogenide glass
systems.' 1012141826 The diagnostic role of the non-
reversing enthalpy at 7 as a probe of homogeneity and
purity of batch compositions has come to the fore as we
will illustrate herein. These findings permit identifying
physical properties of glasses that are intrinsic to these
materials, to be distinguished from those that are exzrin-
sic caused either by incomplete homogenization of a
batch composition, or presence of water traces, or other
network additives. Variation in the glass transition
temperature, 7,(x), in dry and homogeneous Ge,Se;go-x
samples is now accurately described in terms of a
polynomial that can be used to predict a glass composition
x as we show in Part II. In homogeneous glasses, the jump
in C

o near 7, from the glass to the liquid
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(AC,(x) = C,(liquid)— C,(glass)), deduced from the
reversing heat flow in modulated DSC experiments, is
found to be independent of x over a wide range of compo-
sitions, 10% < x < 33.33%. These AC,(x) results do not
reveal the suggested”” correlation between melt fragilities
m(x) at T> T, with AC,(x) of glasses at 7"< 7. On the
other hand, melt-fragilities correlate well with enthalpy of
relaxation AH,,(x) at 7, deduced from the non-reversing
heat flow in mDSC experiments.28 The correlation
between m(x) and AH,,(x) appears to be a promising ave-
nue to understanding the fundamental nature of the glass
transition.””>° Other fundamental issues come to the fore
in homogeneous glasses, such as elastic phase transitions
and nanoscale chemical phase separation transition, each
of which becomes rather abrupt with composition in the
Ge,Sej0o., binary as we show in Part I1.

Equilibrium Phase Diagram of Ge-Se binary

The equilibrium phase diagram of the Ge,Sejgo.,
binary”! appears in Fig. 1. In the Se-rich domain, there
is a eutectic near x = 5.5(5)% of Ge at a 7= 212°C.
At the eutectic temperature a liquid of GessSeqs s, c-Se
and c-GeSe, coexist as suggested by the solidus (hori-
zontal line) at 212°C. The phase diagram shows that
the liquidus (7)) steadily increases (broken line) from
212°C at x = 5.5% to 742°C at x = 33.3%, and serves
as a guide in synthesizing glasses as we discuss later.
Congruently melting stoichiometric crystalline com-
pounds exist at x =0 (c-Se),>* x=33.3% (a-GeSe,
and B-GeSe,),'® and x = 50% (c-GeSe).>® In addition,
there is a metastable crystalline composition c-GesSeq”
formed at x = 30.7%. The structure of this metastable
crystalline phase has a close bearing to that of o-GeSe,.
The metastable form present in the phase diagram plays
a role in aging of homogenized glasses at x > 26% at
elevated temperatures as we comment in Part II.

The phase diagram shows that when a melt of
GejsSegs composition is cooled past the liquidus to
T'= 300°C, it will decompose into a liquid of GeoSego
composition and c-GeSe,. Cooling it further to the
Eutectic temperature of 212°C, will result in segregation
of the sample into two macroscopic phases, which can
be described by the following stoichiometric relation,

GeysSegs = o(Se) + (100 — )Gey/3Sey/5 (1)

with o = 55%. Thus, it is quite reasonable to expect
Ge,Sejgo.r melts in the 0 < x < 33.33% range when
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Fig. 1. Phase Diagram of the GeSe;g.. binary taken from Isper et al?!

cooled across 7] to either (i) completely segregate to
form c-Se and ¢-GeSe, upon slow cooling, or (ii) upon
a fast quench to form a completely homogeneous glass
of the melt stoichiometry and avoid decomposition.
Alternatively, an intermediate circumstance can occur;
the bulk glass formed may possess Se-rich and GeSe,-
rich regions that would result in microscopic heteroge-
neities (MH) determined by the considerations above
(Fig. 1). In the next section we will describe synthesis
of bulk glasses and show that, in general, at short reac-
tion times (<6 h), melts are indeed, quite heteroge-
neous, and do indeed possess Se-rich and Ge-rich
glassy regions, and even crystalline GeSe,-rich regions.
But as they are reacted for extended time, melts
homogenize rather slowly if they are dry and quickly if
they are wet, a process that we have monitored by
Raman profiling the quenched melts.

Experimental Section

Synthesis of Ge,Se;pp.. Melts

Ge,Seqpo. melts of 2 g in size were synthesized
using 99.999% Ge and 99.999% Se pieces (3—4 mm
diam) from Cerac Inc. The starting materials were
mixed in the desired ratio by weight, sealed in evacu-
ated (10”7 Torr) quartz tubing (5 mm ID) using a

hydrogen/oxygen torch. The vacuum line consisted of
a liquid nitrogen trapped high vacuum pumping sys-
tem. Quartz tubes were washed with HF followed by
de-ionized water and rapid drying. Prior to their use,
tubes were dried in a vacuum oven at 90°C for 24 h.
A total of 21 sample compositions spread in the 10%
< x<33.33% range of Ge were synthesized. The
quartz ampoules were held vertically in a T-program-
mable box furnace for varying time periods, #, rang-
ing from 6 h to 192 h at 950 °C largely to track and
understand the evolving melt structure with position.
In subsequent experiments melts were also physically
rocked to promote mixing. It is useful to mention
here that upon heating melts to 950°C, the liquid col-
umn was noted to reflux vigorously. Periodically melts
were water quenched from 50°C above 7 (liquidus,
Fig. 1) and examined in Raman profiling experiments
(see below). Once homogenized, as-quenched melts in
quartz tubes were taken to 7, +20°C in the box fur-
nace, held there for 10 min, and then slow cooled to
room temperature at 3°C/min to realize homogeneous

bulk glasses.

Raman Profiling and Homogenization of Melts

All Raman profiling measurements on melts made
use of a Thermo Nicolet NXR FT-Raman module
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using 1064 nm radiation from an Nd-YAG laser with
a laser spot size of 50 um. The instrument has a
motor stage that can be programmed to translate a
sample by a pre-determined amount, and acquisition
software to facilitate comparing spectra taken at differ-
ent positions. Spectra were acquired at nine locations,
spaced about 2.5 mm apart covering 25 mm length of
the melt column. At each location, an acquisition took
7 min, and used 67 mW of laser power, with 200
scans yielding 2/cm resolution. A typical profiling scan,
involving spectra acquired at the nine locations, took
approximately an hour of accumulation time. Profiling
experiments were performed at all the 21 compositions
after reacting them for about 192 h, and in each case
melts were found to be homogeneous on a scale of
10 pm (see below). At three compositions, x = 15%,
19%, and 33.3%, data were recorded as a function of
g over 192 h to monitor growth of melt homogeneity.
These results provide a unified view of melt homogeni-
zation.

The exciting radiation of 1.16 eV used in FT-
Raman is near the middle of the optical gap® of
Ge,Sejqo., glasses, and is transparent to melts profiled
in the experiments. However, because of the use of a
notch filter to suppress the laser line, the low fre-
quency (<100/cm) vibrational densities of states
(VDOS) are inaccessible in FT-Raman experiments.
The radiation excites electronic states deep in the
gap,36738 which originate from “defects” in these
glasses. For that reason, the full width at half maxi-
mum of the Corner-Sharing (CS) GeSey vibrational
mode near 200/cm in the spectra of homogenized
melts/glasses are found to be substantially broadened
(17-30% across the range of compositions from
10% < x < 33.33%) compared to the ones in disper-
sive Raman ones using 647 nm excitation from a Kr-
ion laser. The mode broadening leads to a general
smearing of the elastic phase transitions.””*® Thus,
while the Thermo Nicolet FT-Raman system with a
motorized stage is ideal to profile structural heterogene-
ity of quenched melts, dispersive Raman scattering
using red light, which excites electronic states in the
conduction band tails, provides reliable VDOS of the
homogenized glasses to probe elastic phase transitions as
shown in Parc II. We also measured the optical
absorption coefficient of 647 nm radiation in GeSe,
glass and found a value of 9.8/cm, confirming that the
radiation essentially serves as a bulk probe of the pres-
ent Ge-Se glasses.
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Fig. 2. FT-Raman scattering of a quenched Ge;oSes; melt

taken at 9 locations along the length of a quartz tube (vight

panel) after starting materials were reacted ar 950°C for 6 h.
Glass compositions at locations, 1-3 show narrow modes (see

arrows) of oc-GeSez,m while those at higher locations (4—8)

become steadily Se-richer.

Ge 7 9568 7

In the initial stages (,x = 6 h, Fig. 2) melts were
found to be quite heterogencous. We observe modes'®
of o-GeSe, at the tube bottom (location 1). The
scattering strength of the modes of o-GeSe, systemati-
cally decreases as one moves up the tube from location
1 to 3, and then vanishes at locations 4 and higher.
The scattering strength of the Se-chain mode (near
250/cm) increases from location 4 to 9, while that of
the symmetric stretch of GeSey tetrahedra (200/cm)
decreases in the same position range, showing that
melts become steadily Ge deficient in going from loca-
tions 1 to 9. These spectra when coalesced (Fig. 3a)
provide a pictorial view of melt heterogeneity. Contin-
ued reaction (i =24 h) of melts (Fig. 3a), lead
a-GeSe, (Fig. 3b) to completely dissolve into melt but
only after z = 96 h (Fig. 3¢) of reaction. At that point
melt stoichiometry variation narrows to vary from 17%
at location 1 to 21% at location 9. These estimates are
based on the scattering strength ratio of the Se-chain
mode to the CS mode that is found to vary systemati-
cally with x (see Part II). Note that the sequence of col-
ors, which codes sample location in the inset of Fig. 3c
closely tracks the Se-chain mode scattering strength,
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Fig. 3. FT-Raman profiled data of Fig 2 are coalesced in panel
(a). Increased reaction times of the starting materials leads (b)
after tg = 24 h, (c) after tp = 96 b, and (d) after tr = 168 b,
the batch composition to globally homogenize as spectra at the
nine locations become identical in (d).

showing that the Se content of glasses steadily increases
from location 1 to 9. The FT-Raman software normal-
izes spectra to the highest peak (Fig. 3¢), and for that
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reason no variations in scattering strength of the CS
mode (200/cm) are noted. But a fully homogenized
melt is realized only after 5 = 168 h (Fig. 3d) when
all the nine Raman spectra coalesce into a single profile.
Noteworthy is the fact that scatter in the low frequency
range (100-180/cm) (Fig. 3c), near the Se-chain mode,
and near the 300/cm (ES) mode also vanishes (Fig. 3d)
as melts homogenize. These data show that the small
spread in Ge-stoichiometry of 4% prevailing across the
melt at iz = 96 h (Fig. 3¢) took an additional 72 h of
reaction (Fig. 3d) to completely disappear, and for the
melt to homogenize.

Ge;sSess

The homogenization behavior of such melts was
similar to the one discussed above for Ge;oSeg; but
with a notable change. At a lower Ge content, less of
the o-GeSe, phase is formed at the tube bottom, and
after 24 h of reaction nearly most of it dissolved in the
melt (Fig. 4b). Continued reaction leads (i = 96 h) to
melts of increased homogeneity (Fig. 4c) with the vari-
ation in Ge-stoichiometry across the melt column
narrowing to about 2% (14% at location 1 and 16% at
location 9), as suggested by the scattering strength vari-
ation of the 200/cm relative to the 250/cm mode. But
a fully homogenized melt was realized only after
R = 168 h (Fig. 4d) when all the 9 Raman spectra
coalesced into a single one, and with the scattering
strength variation in the low frequency (100-180/cm)
and high frequency (320/cm) region also vanishing.
These data along with the one at x = 19%, illustrate
that the process of homogenization has broadly two
steps, one going from Figs. 4a—c leading to the appro-
priate local structures being formed, and the second
step from Figs. 4c—d, resulting in a global homogeniza-
tion of the melt.

Ges3.335¢56.66

At high Ge concentrations new features appear in
melts not seen earlier, as illustrated in Figs. 57,
which reproduce the profiling scans obtained after
tx = 6, 24 and 96 h. Now we observe modes near
170 and 230/cm not seen earlier at lower x. These
modes result from Ge-rich amorphous phases, includ-
ing an ethane-like Ge,Seg unit® and a distorted rock-
that are formed near the bottom of

salt GeSe phase™

quartz tubes. A few sharp modes are observed at
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Fig. 4. The homogenization behavior of a melt at x = 19% in
Fig 3 was replicated at x = 15% in Fig. 4 with a change that
the content of u-GeSes phase formed at the bottom was smaller.
(¢c) After 96 b of reaction, the Ge content of the quenched melt
steadily is found to increase from location 9-1 as revealed by the
color sequence of the CS mode near 200/cm. (d) After tg = 196 h
the melt stoichiometry across the batch homaogenized.
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location 5 (Fig. 5) toward the center of the melt col-
umn, and these are readily identified with those of o-
GeSe,. After 24 h of reaction (Fig. 6), modes of the
Ge-rich amorphous phases decrease in scattering
strength, while those of a-GeSe, now appear to grow
particularly in the lower half of the tube (6, Fig. 6).
The upper half of the melt column shows modes of
CS and ES units, but with the Ge content of melts
steadily decreasing from locations 5 to 9. Continued
reaction (g = 96 h) of melts, promotes homogeneity
(Fig. 8) as the a-GeSe, phase, and the two Ge-rich
amorphous phases reconstruct with the top Se-rich
glassy phase but with a surprising observation — a pro-
nounced increase in scattering of low frequency modes
(<150/cm). The scattering strength increases as we
move toward the melt column center (Fig. 7). The
increased low frequency scattering at locations 1-6 in
Fig. 7 is not due to a specific mode but rather a gen-
eral increase in the low frequency(Vv) scattering, which
is being cut off by the spectral response of the FT-sys-
tem at V< 100/cm due to the notch filter. The
buildup of low-frequency scattering after 96 h of reac-
tion is the signature of long range network structure

Ge,S€, g, X = 33.33%, t,= 6h

Intensity (arb. unit)

100 150 200 250 300
Raman shift (cm™)

Fig. 5. Raman profiling of GeSes melt reacted ar 950° C for

tr = 6 b, shows evidence of new features at locations 1—4 not
seen earlier; the appearance of new modes near 180/cm (a-GesSes)
and near 220/cm (a-GeSe) and at location 5 a narrow mode
near 210/cm (0-GeSe5'®). These observations show Jformation of
new Ge-rich amorphous and crystalline phases at the lower end

of the tube.
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Fig. 6. Continued reaction of the GeSe; melt ar 950°C for
tr = 24 b shows the Ge-rich amorphous Ge;Ses and GeSe
phases transform to glassy and c-GeSe at locations 1— 6, and
predominantly g-GeSe at locations 7— 9.
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Fig. 7. New features appear in the Raman spectra after the
GeSe, melt is reacted for tr = 96 h at 950° C- significant low
Jrequency (<150/cm) scattering appears as o-GeSe; dissolves in
the glassy matrix which becomes the majority phase. In spite of
that fact, the resulting melt is far from homogeneous as revealed
by the low-frequency scattering (arrow locations).
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evolution as Ge-rich nanophases disappear. The data
of Fig. 8d, unambiguously show that GeSe, melt
homogenizes globally only after a reaction time # of
nearly 192 h. These data at x = 33.33% (Fig. 8) along
with those at x = 19% (Fig. 3) and at 15% (Fig. 4),
reinforce the view that in the Ist step of reaction of
the starting materials, characteristic Ge-rich crystalline
and amorphous phases form toward the tube bottom.
Prolonged reaction at 950°C eventually leads batch
composition to globally homogenize in the second step
as we comment later.

An interesting observation was made during
homogenization of GeSe, melts. After reacting melts for
g = 180 h, Raman profiling data showed that the batch
had homogenized (Fig. 9) everywhere except for just
one location, 7, where a-GeSe, had formed. Inspection
of the sample showed that location 7 coincided with the
meniscus cavity tip, a singularity that apparently nucle-
ated crystallization. By rocking the melt for an addi-
tional few hours we could completely homogenize the
sample.

Laser Spot Size and the Spatial Scale of Melt
Homogeneity

The Thermo Nicolet FT-Raman system has in its
micro-setting provisions for two laser spot sizes, 250
and 50 pm. In an earlier study®*
nized Ge,Sejgo., melts using a laser spot size of
250 um, and found homogenization to occur after
reacting the starting materials for & = 96 h (Fig. 10),

we had homoge-

i.e., a shorter time than in the present work. However,
measurements of the reversibility window in the earlier
study®®*? revealed walls of that window were slopping
and wide in relation to the ones observed in the present
work (see Part II). Cleatly, laser spot size in these
Raman profiling experiments intrinsically sets the spa-
tial scale at which melts are probed in these homogeni-
zation studies. And it appears dry chalcogenide melts
homogenize slowly, and must be homogenized on at
least a 50 pm scale to observe their intrinsic physical
behavior in compositional studies.

Once homogenized, melts were then separately
examined using 647 nm radiation in a dispersive
Raman system bringing laser light to a 10 um laser
spot size using a confocal microscope attachment with
a 10x objective. In Fig. 11, we compare the Dispersive
Raman profiled data on a GeSe, glass sample taken at
10 pm resolution with FT-Raman profiled data taken
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Fig. 8. Summary of Raman profiled data of a GeSe, melt
reacted for tg of (a) 6 b, (b) 24 b, (c) 96 b, and (d) 192 h.
These data show the rather dramatic changes in melt molecular
structure as it eventually globally homogenize after tp = 192 h.

at 50 um resolution. These data unequivocally show
that reaction of melts at 950°C at 168 h leaves them
homogenized on a scale of 10 pm.
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Fig. 9. FT-Raman profiled GeSe, melt after tr = 180 h
reveals another striking feature- the nucleation of u-GeSe, at
location 7 where the tip of the meniscus had formed on the
liquid surface. The singularity is sufficient to nucleate the crystal-
line phase. Several sharp modes observed in the spectra (see
arrows) at position 7 coincide with those of 0-GeSes. We have
inserted Raman spectrum of a-GeSes between positions 6 and 7.

Melt Size and Reaction Time to Homogenize

Do melt sizes play a role in the kinetics of homog-
enization? To address the issue we synthesized a Yi-g-
sized melt of Ge;oSeg; and monitored its structural
evolution as a function of i in FT-Raman profiling
experiments. We found the melt homogenized in only
6 h (Fig. 12¢c) while the 2-g melt took 168 h
(Fig. 12b) to homogenize. For comparison, in Fig. 12,
we compare Raman profiling results on a 2-g melt with
the Y-g melt both reacted for 6 h. It is abundanty
clear from these data that melt sizes play a crucial role
in the kinetics of homogenization, and we discuss the
issue below.

Rocking of Melts and Homogenization

Once Ge-Se mixtures are first heated to 950°C to
initiate reaction of the elements, we noticed a vigorous
flow of liquid up and down a quartz tube held verti-
cally. The liquid in question is Se since it melts at
220°C while the chosen reaction temperature is 950°C,
substantially higher than the Se melting temperature.
For this reason and others, we chose to perform only
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Fig. 10. FT-Raman profiled data on a quenched GespSey
melt after reacting the starting materials at 950°C for (a)

2 days and (b) 4 days using a 250 pum laser spor size. Note
that after 4 days of reaction, melts were found homogenous
when monitored using a 250 um laser spot size, but not
with a 50 um laser spot size (see Fig. 8), a finding entirely
consistent with the reversibility window having sloping walls
in the former but rather abrupt ones in the latter glasses. See
Part 11
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select measurements (at x = 19% and 25%) of rocking
the quartz tube to promote melt mixing. Quartz tubes
were positioned horizontally in a muffle furnace, and
the furnace rotated continuously in a vertical plane by
45 degrees at a rate of 1/10 cycles per second. After
reaction of the elements at 950°C for 48 h, Raman
profiling data on these rocked melts showed that the
appropriate local structures had formed, i.c., no crystal-
line phases were observed, suggesting that the first step
of homogenization had been speeded up (Figs. 13a and
d). However, a significant variation in Ge/Se stoichiom-
etry across the batch composition persisted. Melts were
transferred to a box furnace and reacted further in a
vertical position. At 7z = 120 h, melts were profiled
and found still not to be completely homogeneous
(Figs. 13b and e). However, at 5 = 168 h, melts
homogenized as shown in Figs. 13¢ and f. Note that
the lineshape spread near the Se-chain mode (250/cm),
in the region of the low frequency band (100-180/cm)
and near the ES mode (320/cm) disappeared after
168 h. It appears that it is the slow nanoscale mixing
of chalcogenides melts that equalizes the Ge/Se melt
stoichiometry across batch compositions globally.

Water as a Dopant in Glasses

We synthesized a pair of samples (x = 19% and
33.33%) of 2 g cach in size, this time using finely
powdered (~10 pum) elemental Ge and Se stored in the
laboratory ambient environment (45% Relative Humid-

x= 33.33% 10 micron 50 micron

(a) Dispersive Raman (b) FT Raman
) =
5
e 8
2 z
= 7
5 8
£ £

T T T T T T T T
150 200 250 300 150 200 250 300

Raman shift (cm™)

Fig. 11.

Raman shift (cm™)

Raman profiling of a quenched GeSe; melt monitored (a) using a 10 pm laser spot size in a Dispersive measurement, and (b)

using a 50 wm laser spot size in an FT-Raman measurement. These data show that melt homogenized on a 50 wm laser spot size as in
(b), are reasonably homogeneous on a finer scale of 10 wm scale as in (a).
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Fig. 12.  FT-Raman profiling of a quenched Ge;oSes; melt of
2 g in size reacted at 950°C for (a) 6 h and (b) 168 h. Parallel
measurements on a much smaller sized (1/4 g) melt reacted ar
950°C for 6 h appear in (c). Smaller sized melts homagenize

much quicker than larger ones.

ity) for 24 h. We found that a 2-g batch size of finely
ground GejoSegg glass mixture picked up about 4.5 mg
in weight after 24 h exposure to laboratory environ-
ment. These data suggest an uptake of one water mole-
cule for 85 atoms of the glass. These starting materials
were encapsulated in evacuated (107 Torr) quartz
tubes and reacted at 950°C the usual way. Melts were
homogenized and Raman profiled. Surprisingly, after
reacting such a melt at x = 19% for only 5 = 42 h,
we found it homogenized as illustrated in Fig. 14a.
The behavior is in sharp contrast to that of dry melts,
which took 168 h to completely homogenize (Fig. 3c).

shown in the left panel after (a) being rocked for 48 b, and thereafier
held stationary (b) for 120 b (c) 168 h. Parallel results on a
quenched Gess sSez; s melt shown in the right panel afier (d)
being rocked for 48 h, and thereafier held stationary (e) for

120 b and (f) for 168 h. Rocking of melts assists their mixing in
the first step of reaction.

A wet melt at x = 33.3%, took 72 h to completely
homogenize (Fig. 14c), while a dry one took 192h
(Fig. 8d) to do so. These data strongly suggest that
water traces speed up the kinetics of melt homogeniza-
tion rather remarkably.

Dispersive Raman scattering on these wet melts
when compared to their dry counterparts show the
presence of residual scattering as shown in Fig. 15. For
example, at x = 19% (Fig. 15a) we observe that modes
of the CS and ES tetrahedra and CM sit on a baseline
that is measurably higher than the corresponding
modes in the lineshape of dry samples. A parallel
behavior was noticed at x = 33.33% (Fig. 15b). Fur-
thermore, in Fig. 15a, we note that the Se-chain mode
scattering strength in a wet sample at x = 19% is lower
than in a dry one (Figs. 3d and 15a). Presence of water
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x =33.33%, wet, t; =6h

(a) N
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Raman shift (cm™)

Fig. 14.  FT-Raman profiling of a wet quenched GeSe, melt
after starting materials are reacted at 950°C for (a) 6 b (b) 48 b
and (c) 72 h. Results on corresponding dry melts appear in

Fig 3. Water traces in melts assist Ge crosslinking of the long Se,
chains by depolymerizing them with dangling ends (H, OH).

impurides in melts leads to residual Raman scattering
and may alter mode scattering strengths.

Discussion

Melt Homogenization and Nanoscale Mixing

The Raman profiling data presented earlier
(Figs. 2-11) provides new insights into physical pro-
cesses that lead to homogenization of chalcogenides
melts. The reaction of elemental Ge with Se in evacu-
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Fig. 15.  Dispersive Raman scattering on wet and dry quenched
melts of composition (a) Ge;9Ses; and (b) GeSey. Wet samples
show residual scattering, i.e., baseline counts under the vibrational
modes, coming from sample heterogeneity. Also note that in (a) for
the Se-rich glass, the scattering strength of the Se,-chain mode
decreases in the wet sample is lower than in the dry one, probably
reflecting partial loss of chains due to their de-polymerization by
dangling ends.

ated quartz tubing at 950°C is broadly consistent with
two steps that underlie the homogenization process of
melts.

First Step: Formation of Characteristic Melt Local
Structures

In the inital stages, when Ge-Se mixtures are
heated to 950°C, the sloshing liquid running up and
down the reaction tube is molten Se, (7, = 221°C),
and with increasing reaction time it alloys with Ge.
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Because the density of liquid Ge (pg. = 5.60 g/cm?)
exceeds that of Se (ps. = 3.99 g/cm3), in the initial
stages the melt at the tube bottom is largely Ge-rich,
which may consist of crystalline as well as amorphous
phases. In synthesis of Ge;sSegs melts, we observed
a-GeSe, to form at the tube bottom (Fig. 4) in the ini-
tial stages (zr = 2448 h), an illustration of Micro-
scopic heterogeneity (MH). As the Ge content of melts
increases (as in Gej9Seg;), we observe more of the
a-GeSe, to form (Fig. 3) at the tube bottom in the ini-
tial stages. In melts at x=33.33% (Fig. 5), new
Ge-rich phases appear in the initial stages besides o-
GeSe,. Thus, for example, in the spectra in Fig. 5 we
observe modes near 175/cm and near 220/cm, which
are replicas of the A, (170/cm) and B,, (230/cm) pho-
nons of the distorted rocksalt structure of c-GeSe.*
The feature near 175/cm is a composite of two
vibrational modes- one from the distorted rocksalt
structure (170/cm) and the other from ethane-like
Ge,Seg local structures (180/cm).*" These Ge-rich
phases can be expected to form near the tube bottom
(loc 1, 2, and 3) since liquid Ge is heavier than liquid
Se, and at 950°C, the reaction temperature used in the
present work, occurs predominantly as a tetrahedrally
coordinated covalent liquid with little or no vapor pres-
sure resting at the tube bottom. Moving up along the
tube, we then observe a mode near 180/cm of ethane-
like units (Ge,Seq) at locations 5, 6, 7 and a sharp
mode near 210/cm from o-GeSe,. Toward the top of
the tube, we observe a broad mode near 200/cm,
which is the symmetric breathing mode of CS mode of
Ge(Seyp)4 tetrahedra. Clearly, the equilibrium phase
diagram provides guidance in understanding the phases
formed in the initial stages of reaction of Ge with Se in
these melts (Fig. 1). These phases contribute to MH as
shown by the Raman profiling data (Figs. 3, 4 and 8)
presented herein.

Continued heat treatment of melts results in the
Ge-rich crystalline and/or amorphous phases to recon-
struct with Se-rich regions as appropriate local struc-
tures of melts/glasses evolve. These local structures
include CS-, ES- tetrahedra, and Se,-chain frag-
ments."** At the end of step 1, melts continue to be
heterogeneous however, as illustrated in Figs. 3c,4c,
and 8c. Melt stoichiometry, measured in terms of Ge
content x, typically varies anywhere from 3% to 6%
across the length of the liquid column. In Raman scat-
tering (Figs. 3¢, 4c and 8c¢) evidence for such heteroge-
neity was deduced from the scattering strength ratio of

Vol. 3, No. 3, 2012

the Se,-chain mode to the CS mode. In Fig. 3¢, for
example, we find that melt stoichiometry varies from
x=21% at location 1 (tube bottom) to x= 17% at
location 9 (tube top). The 4% spread in Ge content
across the length of the tube for a melt of GejoSeg;
average stoichiometry is a typical result. Parallel results
are observed for Ge;sSegs and GeSe, melts in Figs. 4c
and 8c.

Second Step: Nanoscale Mixing and Global
Homogenization of a Melt Composition

We view the second step of homogenization to be
nanoscale mixing as Ge atoms diffuse up and Se atoms
down the reaction tube and melts globally homogenize.
The process involves a sequence of bond-breaking and
bond-forming steps as both Ge and Se diffuse, and
concentration gradients dissipate. The case of GeSe,
melts is particularly illustrative (Fig. 7, location 4, 5,
and 6) in this respect. We observe growth in scattering
near 120/cm, which is evidence of intermediate range
network structure evolution. Melts in the lower half of
the tube, and especially at locations 3, 4, and 6 appear
to display significant low frequency scattering, which
we view as evidence of melt structure acquiring a poly-
meric structure. Here we must remember that a prere-
quisite for a homogeneous network structure to evolve
in the melt is that Ge- and Se-rich regions reconstruct
with each other by Ge and Se atoms diffusing respec-
tively to Se-rich and Ge-rich regions. Remarkably, as
melts are reacted longer (i = 192 h), this appears to
be suggested by the spread in Raman scattering strength
in the low-frequency and the high frequency range van-
ishing (compare Fig. 8c and d), and all nine spectra
become identical. The result is not peculiar to GeSe,
melts, it is observed in GeysSegs melts (compare
Figs. 3c and d) and also in Gej9Seg; (compare Figs. 4c
and d). Our experiments show that in dry melts, nano-
scale mixing of Ge with Se typically takes about 96 h
of reaction time (192-96 h), as the Ge/Se fraction
across the 2-g batch composition globally homogenizes.
From these data we can estimate a Ge and Se atom dif-
fusion constant (Dey,) in liquid GeSe, at 950°C by

using the Einstein relation,
D = x*/6t (2)
Taking a path length (x) of 2.5 cm for Ge and Se

atoms to diffuse in an amount of time (9 of 96 h in
. . _ 2
the reaction tube, one obtains a Dey, =3 x 10 ° cm?/s.
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From MD simulations, the viscosity data on liquid
GeSe,,** Micoulaut and Massobrio obtained*>#® a Dif-
fusion constant of Ge and Se of 10 cm?/s in liquid
GeSe, at 950°C. The calculated diffusion constant is
an order of magnitude lower than the measured one,
and at present we are not quite certain why such is the
case. In bulk glasses, realized by 7, cycling such homo-
geneous melts, we have found that the calorimetric
properties are quite uniform. In particular, the AH,,
term appears not to display variations across a batch
composition, as noted in glass samples that were syn-
thesized by reacting the starting materials for only
48 h. Our experience reveals that the enthalpy of relax-
ation AH,, deduced from mDSC experiments serves as
a rather powerful diagnostic probe of glass sample
homogeneity.

Wet Melts Homogenize Quicker than Dry Ones

An important finding of the present work is that
wet melts synthesized at x = 19% and 33.33% homog-
enized much quicker than their dry counterparts. In
synthesizing wet melts, the starting elements (Ge, Se)
were finely powdered and left in laboratory environ-
ment for just 24 h prior to sealing them in evacuated
quartz tubes. It is widely known that in such powders
the large surface to volume ratio of the small particles
leads to adsorption of water from ambient air. And it
is difficult to remove water from such starting materials
by merely pumping even with a high vacuum line at
room temperature.

Viscosity of pure Se melts is found to reduce upon
alloying chain terminators such as halogens and 71*
but it increases measurably upon alloying chain cross-
linkers such as Ge, as networks polymerize. Melts con-
taining traces of water vapor will transform bridging Se
sites, i.e., Ge-Se-Ge signatures to Ge-[OH].... [H]-Se-
Ge ones, creating [OH] and [H] dangling ends. Mono-
valent [OH] and [H] species will also serve as Se,-chain
terminators and assist Ge to react with Se,. For this
reason, a wet 19% melt completely homogenizes in
only 42 h (Fig. 14a), while its dry counterpart
(Fig. 3d) took nearly 168 h to homogenize. A parallel
circumstance occurs at x = 33.33%, where a wet melt
completely homogenized in 72 h (Fig. 14d) while its
dry counterpart took nearly 192 h to completely
homogenize (Fig. 8d). These data underscore the cru-
cial role of water impurities in promoting melt nano-
scale mixing.
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Although it is tempting to add traces of water
vapor to accelerate homogenization of melts in the
present chalcogenides, the fact is that the presence of
water impurities changes the thermal, optical, and
mechanical properties of melts/glasses in a deliberate
fashion measurably. Thus, we find 7,(x = 19%) of a
dry sample of 171.6°C, is 13.6°C higher than the 7,
of its wet counterpart (158°C). A parallel circumstance
occurs at x = 33.33%, where 7, of a dry sample
(425.7°C)  exceeds that of its wet counterpart
(T = 420.6 °C). The lower Tis of the wet samples
compared to dry ones is due to a loss in connectivity of
the Ge-Se backbone as dangling ends form. And their
presence lowers 7, as network connectivity decreases, a
finding that is entirely consistent with SAT.*® A perusal
of the data of Table I also shows that the AH,, term at
T, in wet glasses is significantly larger than in dry
counterparts. We understand the increased enthalpy of
relaxation near 7 as the rocking of dangling [OH] and
[H] ends, an entirely non-ergodic process, as glass soft-
ens near 7, and is therefore manifested in the AH,,
term exclusively. Molar volumes of wet glasses (Table I)
are found to be lower than their dry counterparts
because of a loss of backbone structure due to cutting
of the network. The behavior is observed in oxide
glasses as well.¥ Thus, the physical properties of wet
glasses are distinctly different from their dry counter-
parts. These findings lead naturally to the notion that if
Ge-Se melts of 2-g size homogenize in less than 68 h
of reaction time they could be wet, a speculation that
can now be checked by measurement of their physical
properties (Table I).

Broader Perspectives

In our discussion so far we have emphasized the
role of synthesis on structural homogeneity of melts/
glasses. These considerations also have manifestations
on dynamics of melts, which are characterized by a
stretched exponential relaxation, A(?) = AOCXP[—(t/T)B 1,
over many orders of magnitude of time (2. In homoge-
neous melts/glasses two characteristic stretched expo-
nents, B = 3/5 and 3/7 are widely observed with the
higher value (3/5) resulting when relaxation is mediated
by short-range forces (covalent) while the lower one
(3/7) when long range forces (Coulomb) come into
play.”® The bimodal Bs are characteristic of homoge-
neous melts/glasses. Recently a cross-over of B from
3/5 to 3/7 was noted®' in research citation statistics on
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Table I. Glass Transition Temperature (7;), Enthalpy of Relaxation (AH,,), Molar Volumes (V,,,1), and the
Reaction Time #z in Hours Used to Homogenize Melts of Indicated Glass Samples. Our Estimate of Error on
Glass Composition x, Based on Zg(x) Variation, is Placed Near 0.1%.

AH,, (cal/g)

Vinot (cm>/mol) Reaction

Ge,Se 0.« T, (°C) £2°C +0.05 cal/g +0.05 cm>/mol time (tg) (h)
x=19.0%, dry 171.6 0.36 18.34 168
x = 19.0%, wet 158.0 0.55 18.03 42
x = 33.3%, dry 425.7 0.52 18.87 192
x = 33.3%, wet 420.6 0.74 18.14 72

the Web of Science, in decay of luminescence in crys-
talline alloy semiconductors, and in relaxation of
homogeneous bulk oxide glasses when contrasted
to their as-drawn glass sheet counterparts- an issue of
much importance in understanding stress-relaxation
of these commercial products in industry.*?

Variations of refractive index with glass composi-
tion in chalcogenides (As,Ses, As—S, Ge—As—Se) and in
soda-lime-silicates have formed the basis of ascertaining
homogeneity in industrial applications.”>>'>* Jensen
et al” describe the “Homogeneity Index” to quantify
glasses, and have emphasized the advantage of image
processing methods over refractive index measurements.
Industrial processes employing stirrers to homogenize
large batches of soda-lime- silicates have been widely
used.”>® To accurately map refractive index changes
across large flat panel displays special optical methods
are used.”’” Glass homogeneity issues in industry are
pervasive, not restricted to insulating and semiconduct-
ing glasses but also extend to glass ceramics and con-

ducting metallic glalsses.”fG1

Conclusions

The functionality of glasses as engineered materials
is intimately tied to their chemical composition, struc-
tural homogeneity, and state of relaxation or aging,
issues that impact both basic science and applications
of these materials. Here we have applied an FT-Raman
profiling method to track structural heterogeneity of a
prototypical chalcogenide melt — Ge,Se;go.. The process
of homogenization is seen to consist of two broad steps.
In the first step Ge-rich crystalline and amorphous
phases form at the tube bottom and contribute to melt
heterogeneity. In the second step, local structures char-

acteristic of melts/glasses emerge and the variation of
Ge/Se stoichiometry across a batch composition equal-
izes as elements diffuse across the melt column, and
Raman spectra taken all along the sample length
coalesce into single profile, with each profile characteris-
tic of a given batch composition x. Homogenization of
melts of several other chalcogenides has also been
examined in our laboratory, and the results are quite
similar to the one discussed herein on the Ge-Se bin-
ary. Some of the broad consequences on the basic sci-
ence of these materials, including the rather abrupt
onset of rigidity- and stress- phase transitions with glass
composition, “x” in homogeneous glasses are addressed
in Part II.
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