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We have prepared three groups of Ge—As—Se glasses in which the Se content is 5.5 mol%, 10 mol%, and 20 mol%
rich, respectively. We explored the possibility of suppressing the formation of the Ge-Ge and As—As homopolar bonds in
the glasses. Thermal kinetics analysis indicated that the 5.5 mol% Se-rich Ge; 5Asy45€¢4.5 glass exhibits the minimum
fragility and thus is most stable against structural relaxation. Analysis of the Raman spectra of the glasses indicated that
the Ge—Ge and As—As homopolar bonds could be almost completely suppressed in 20 mol% Se-rich Ge|5As;4Se7; glass.
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1. Introduction

Chalcogenides are materials containing one of the chalco-
gen elements (S, Se, and Te) covalently bonded to the elements
such as Ge, As, Si, and Sb. Depending on their chemical
composition and structure, chalcogenides can display metal-
lic, semi-conducting, or insulating properties. They have an
increasing number of important applications in electronics and
photonics because of their high optical nonlinearity and wide
transmission range.'-31 For example, researchers have used
chalcogenide glasses for all-optical processing of high speed
telecommunication signals.!®’] It has been demonstrated that
the glass properties can be tuned in a widely compositional
range, therefore, it is possible to optimize the glasses for spe-
cific applications by tuning the material composition. [3-10]

Low optical loss and high stability are two important pa-
rameters for the application of the glasses in photonics. In
terms of stability, Bulla ef al. and Su et al. investigated the
properties of Ge—As—Se thin films with different chemical
compositions,!! 1% and found that stable glass films exist for
a mean coordination number (MCN) of 2.45, where MCN is
the sum of the products of the individual abundance times
the coordination of the constituent atoms.!'3] More recently,
Ting et al. investigated 34 samples of Ge—As—Se glasses with
compositions distributed across the glass forming region and
covering wide ranges of stoichiometry and MCN. In these
samples, the activation energy for enthalpy relaxation showed
a sharp minimum at the percolation threshold MCN = 2.40,
but the minimum extended to cover a wide range of non-
stoichiometric glasses which were up to 20 mol% Se-rich. "]
On the other hand, the fragility, which is defined by the rate at
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which the constraints are broken with increasing temperature
above T, appears to be rather independent of MCN but is con-
trolled by the departure from stoichiometry. Therefore, MCN
is considered only properly defined at low temperature.[”! The
activation energy at T, may correlate with MCN because it re-
flects the energy required to gain mobility relative to a state
where all constraints are intact. Therefore, strong glasses with
the smallest fragility indices are relatively stable against struc-
ture relaxation and are likely to be the best for the applications
in photonics.

In terms of optical loss, our evidence indicates that the
losses in the glasses are correlated with the number of the
Ge-Ge and As—As homopolar bonds.!'*!3! Ideally, such ho-
mopolar bonds should be completely suppressed in chemically
stoichiometric glasses since all chalcogen elements should be
consumed by the network-forming elements such as Ge, As,
and Sb. However, it has been found that homopolar Ge-Ge,
As—As, and Sb—Sb bonds all exist in chalcogen-rich glasses
and chalcogen—chalcogen bonds even exist in chalcogen-poor
glasses.'®!7] Our recent measurements of Raman and x-ray
photoelectron spectra confirmed that finite numbers of ho-
mopolar Ge—Ge and As—As bonds appeared, indicating that Se
was not always bonded with Ge or As in chemically stoichio-
metric Ge-As-Se glasses.[!8! Tt is expected that, increasing
the Se concentration can eliminate the Ge-Ge and As—As ho-
mopolar bonds in the Se-rich glasses. Moreover, it is possible
to identify the Se-rich glasses that have the minimum fragility
index with stable properties against structural relaxation.

To elucidate this, we prepared three groups of Se-rich Ge—
As-Se glasses (5.5 mol%, 10 mol%, and 20 mol% Se-rich, re-
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spectively). We measured the Raman scattering spectra of the
glasses, and decomposed them into different structural units
with the aim of understanding the evolution of the number of
homopolar bonds as a function of the chemical composition.

2. Experiment

Ge,As,Sej__, bulk glasses were prepared by the melt-
quenching technique. High purity (S5N) raw materials Ge, As,
and Se were weighed (15 g) inside a dry nitrogen glove box
and loaded into a pre-cleaned quartz ampoule, which was then
evacuated to 107® Torr and dried at 160 °C for 4 h to ensure
the removal of surface moisture from the raw materials. The
ampoule was sealed under a vacuum using an oxygen hydro-
gen torch, and introduced into a rocking furnace to melt the
contents at 900 °C for 30 h. Then the ampoule was removed
from the rocking furnace and quenched in air. Subsequently,
the glass sample was annealed below the glass transition tem-
perature 7, and finally slowly cooled to room temperature.

The quality of the glasses was examined using x-ray
diffraction (XRD) and infrared (IR) microscopy. The XRD
patterns indicated that the glass structure was amorphous, and
the IR microscopy revealed the absence of any observable bub-
bles in all the samples. The x-ray energy dispersive spectra
(EDS) were used to check the composition of the glasses. Gen-
erally, we examined several different positions. We found that
the fluctuations in the glass compositions were less than 0.5%.
The glass transition temperatures (7;) were measured using
a differential scanning calorimetry (DSC) (Mettler-Toledo,
DSC1) with different scanning rates from 5 K/min to 30 K/min
under a uniform nitrogen gas flow of 50 mL/min. In all cases,
we raised the temperature above T; to erase the thermal his-
tory in the first run, and then the inflection point along the step
transition in the second run was read as T using STARe anal-
ysis software (Mettler-Toledo) and the error bar of the reading
was within 0.5 °C. The activation energy and fragility were ex-
tracted from 7, measurements using the procedure presented
in Ref. [9].

Raman spectra were recorded using a T64000 Jobin-
Yvon-Horiba micro-Raman spectrometer equipped with a
liquid-nitrogen-cooled CCD detector. The 830 nm laser line
was used as an excitation source, and the laser power was kept
as small as possible to avoid any photo-induced effects. The
resolution of the spectrometer was about 0.5 cm~!. We first
collected Raman spectra from various parts of the glass rod.
The identical profiles of the spectra indicated the homogeniza-
tion of the glass. Then the Raman spectra were reduced by the
removal of the Bose—Einstein factors following the standard
procedures and then were decomposed into different structural
units.!"8) We used PeakFit software and an iterative method to
simulate the peak center, full width at half maximum, and the
height of each Raman vibrational peak. In all cases, we only

set up the initial value of the peak position, the final value of
the real position could be different. In other words, the in-
dividual Raman peak had the freedom to change its position,
width, and height during the fitting process.

3. Results and discussion

It is well accepted that T, is a measure of the glass
network connectivity. All the compositions we studied are
in the glass-forming region and have an MCN between 2.4
and 2.6, and therefore should have a continuous network

19.201 Therefore, with increasing content of 4-folded

structure. !
coordinated Ge, the MCN increases and the glass exhibits bet-
ter network connectivity which corresponds to an increasing
T,. This is evident as shown in the fourth column of Table 1,
where T, almost linearly increases as a function of MCN. The
activation energy and the fragility index of the glasses are
shown in the fifth and the last columns of Table 1, respectively.
The activity energy increases with increasing MCN, while the

fragility index exhibits a minimum for each group of glasses.

Table 1. Composition and corresponding mean coordination number
(MCN), glass transition temperature (7y), activation energy (E,), and
fragility index (m) of Ge,As,Se|_,_, glasses.

Composition MCN Se-rich/mol% T,/°C E,JeV  m

Ges 5As32Segss  2.442 5.5 176.94+0.1 2.40 26.92
Geg sAsy7.65€639 2.446 55 189.3+£0.3 242 26.36
Gej15AsaSegss  2.47 5.5 200.6+0.3 2.44 26.03
Gejq.5A82045¢e¢5.1 2.494 5.5 217.1+£03 2.54 26.13
Gej75As1685€657 2.518 5.5 230.8+£0.3 2.62 26.27
GesAs3zoSegs 2.40 10 1652402 242 27.88
GejoAsz4Segs 2.44 10 182.0+£0.1 246 27.28
Ge|5As1gSeq7 2.48 10 201.5+0.1 2.55 27.12
GepoAsi2Sess 2.52 10 2245402 270 27.34
Geps AseSego 2.56 10 2454402 295 28.74
GejoAsz0Sero 2.40 20 156.1£03 2.48 29.12
Gejp5As17Se705 242 20 167.3+£0.2 2.49 28.57
GejsAsiaSer; 2.44 20 178.5+£0.1 251 27.99
Gej75As11Se71s  2.46 20 185.94+0.2 256 28.12
Geyy 5As5Sern s 2.50 20 2104403 2.72 28.34

The compositions and the corresponding MCN, T, E,,
and m of Ge,AsySe|_,_y glasses are reported in Table 1. The
results indicate that T, increases with increasing MCN but
the glass transition activation energy exhibits a minimum at
around MCN = 2.4. Since the MCNs of all our glasses are
larger than 2.4, the trends are in excellent agreement with the
results in Ref. [9]. On the other hand, it is found that the fluc-
tuation of fragility is less than 1.2 for the glasses with the same
level of additional Se, whilst the difference between 5.5 mol%
and 20 mol% Se-rich glasses is ~2, indicating that the fragility
appears to be rather independent of MCN but is controlled by
the departure from stoichiometry.
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Indeed, the fragility defines the rate at which the system
departs from equilibrium upon losing ergodicity, thus it re-
flects the tendency of the glass to undergo structural relaxation
below T,. Chalcogenide glasses usually have low T, and thus
the relaxation processes could be significant even at room tem-
perature. A fragile glassy system departs from equilibrium at
a faster rate than a strong system, and this is highly undesir-
able for applications such as integrated infrared optics where
the relaxation processes can lead to the change of the phys-
ical properties like refractive index and bandgap which may
degrade the device performance.!!!"1%14211 The last column in
Table 1 suggests that 5.5 mol% Se-rich Ge|| 5As24S€¢4.5 With
an MCN of 2.47 could be the most stable glass.

Raman spectra of the glasses are recorded from 150 cm™!
to 350 cm~!. Generally, there are two broad bands. One is
centered at 200 cm ™! and the other is at 230 cm ™! with a broad
tail extending to 300 cm~'. It is well accepted that depend-
ing on the composition, GeSey/, tetrahedral AsSes/, pyra-
midal, and some homopolar bonds are cross-linked to form
the Ge—As—Se glass network. Corner-sharing (CS) and edge-
sharing (ES) GeSey, tetrahedral units have Raman peaks at
195 cm ™! and 213 cm™!, respectively.?2%! AsSes , pyrami-
dal units have Raman peaks at 230 cm~! and 268 cm~!.l!8!
The peak at 250 cm™! is due to the vibrational modes of Se
chains or rings.!??! One peak at 175 cm~! and another peak
at 300 cm~! are the characteristic of the Ge—-Ge mode of the
ethane-like (Se3)Ge-Ge(Se3) structural unit.[>#?>! The peak
at 247 cm~! is ascribed to the As—As vibration modes. [18-26-30]

In order to quantify the structural evolution, the Raman
spectra of these glasses (5.5 mol%, 10 mol%, and 20 mol%
Se-rich, respectively) are decomposed into multiple Gaussians
based on the structural units. Figure 1 shows the results of
the decomposition of the Raman spectra of the 5.5 mol% Se-
rich glasses. The corner-sharing GeSey/, and edge-sharing
GeSey/, appear at around 198 cm~! and 213 cm™!, respec-
tively. Their intensities increase with increasing Ge concen-
tration. In contrast, the intensities of the peaks at 247 cm~!
and 268 cm ™! decrease with decreasing As concentration, and
the positions of these two peaks slightly shift toward a lower
wavenumber with increasing Ge concentration. Only a small
number of homopolar Se—Se bonds exist. Moreover, weak vi-
brations of the homopolar Ge—Ge bonds appear in the glasses
containing a high concentration of Ge. The peak at 300 cm™!
due to the Ge-Ge vibrations appears in Gejq.5AS2045€65.1
glasses and its intensity increases with increasing Ge concen-
tration.

Figures 2(a) and 2(b) show the decomposition of the Ra-
man spectra of the 10 mol% and 20 mol% Se-rich glasses,
respectively. The results are basically consistent with those in
Fig. 1. We observe that the homopolar Ge—-Ge and As—As vi-
brations seem to appear only when the Ge or As concentration

is high, for example, Ge—Ge homopolar vibrations appear in
the samples containing more than 20 mol% Ge (Fig. 2(a)) and
more than 17.5 mol% Ge (Fig. 2(b)), while As—As homopolar
vibrations appear in the samples with more than 18 mol% As
(Fig. 2(a)) and more than 17 mol% As (Fig. 2(b)). In all cases,
homopolar Se—Se bonds cannot be completely suppressed.

Ges 5A85125€03.3

213—»/\
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Fig. 1. (color online) Raman spectra of the 5.5 mol% Se-rich glasses with
different chemical compositions and their decompositions.

The relative ratio of the integrated area of each decom-
posed peak to that of the whole area of Raman spectra as a
function of MCN is plotted in Fig. 3. The contribution of
Ge-Se increases while that of As—Se decreases with increas-
ing MCN. Special care is taken to the distribution of homopo-
lar Ge—Ge, As—As, and Se—Se bonds. In order to clearly see
the evolution of the bonds, we plot the relative ratios of these
bonds on the same scale, e.g., from 0 to 15% in the vertical
axis. Obviously, Se—Se bonds exist in all cases and the content
changes from 3% up to about 11% for the most Se-rich compo-
sitions. On the other hand, Ge—Ge bonds can be suppressed in
the glasses with low MCN and As—As bonds disappear at high
MCN. The sum of the Ge-Ge and As—As homopolar bonds
(Fig. 4) exhibits a minimum at MCN near 2.45.

For the evolution of the chemical bonds in Fig. 3, we
are most interested in the evolution of the numbers of the ho-
mopolar Ge—-Ge and As—As bonds. Because all the glasses
are Se-rich, Se—Se bonds should appear in all cases, but these
bonds do not appear to seriously contribute to the optical

(15

losses of the glasses.!!>! In one of our previous papers, we

have shown that it appears to be impossible to completely
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Fig. 2. (color online) (a) Raman spectra of the 10 mol% Se-rich glasses
with different chemical compositions and their decompositions. (b) Ra-
man spectra of the 20 mol% Se-rich glasses with different chemical com-
positions and their decompositions.

suppress both Ge—Ge and As—As bonds in chemically stoi-
chiometric glasses.!!8] One might expect that the residual Ge
and As should be bonded with Se if the Se content in the
glass is further increased. By plotting the total number of
Ge—Ge and As—As bonds as a function of MCN (Fig. 4),
it becomes evident that the Ge-Ge and As—As homopolar
bonds can be completely suppressed in the 20 mol% Se-rich

Ge|5As14Se7; glass. Since it appears that the optical losses

in the glasses are primarily determined by the exponential ab-
sorption tail associated with the Ge—Ge and As—As homopolar
bonds, '] the present results imply that Se-rich glasses such as
Ge5As145¢e71 should be the best for the applications such as
optical fibers, as the interaction pathway in fiber is long and
enhanced optical losses could significantly degrade the perfor-
mance of fiber devices.
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Fig. 3. (color online) Relative number of the chemical bonds derived from
the simulation of each Raman spectrum according to the area under each
fitted peak in ratio to the total area under the spectrum.
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Fig. 4. (color online) Total number of Ge—Ge and As—As homopolar bonds
as a function of MCN derived from the sum of the areas under the Ge-Ge
and As—As fitted Raman peaks in ratio to the total spectral area.

Our results also reinforce the previous evidence from
thermal Kkinetics that Gej;s5Asp4Segss has the minimum
fragility index and thus should be most stable against
relaxation.” In fact, thermal and optical annealing of Ge-

As—Se thin films have confirmed that the refractive index and
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the optical bandgap are almost constant under long time ther-
mal annealing or irradiation by subbandgap light, '} whilst
our earlier work on film-forming properties suggested that this
composition could be evaporated to create films with chem-
ical bonding indistinguishable from the bulk glass.!"!! How-
ever, the Ge-Ge and As—As bonds are not eliminated for this
composition and hence the optical losses would be expected to
be significant. Nevertheless, the favorable film-forming prop-
erties of this composition make it a good choice for planar
waveguides where the interaction pathways are generally short
(cm) and hence the intrinsic material losses are generally less
important than the fabrication losses associated with factors
such as waveguide side-wall roughness. Thus, for waveguide
applications, it is more important to have a glass with a stable
structure and hence stable optical properties. In fact, the glass
with this composition has been successfully used in various
optical devices and the stable performance of the devices has

been demonstrated. [0:14]

4. Conclusion

We have prepared three groups of Ge—-As—Se glasses in
which Se is 5.5 mol%, 10 mol%, and 20 mol% rich, respec-
tively. Thermal kinetics analysis of the fragility indicated that
the 5.5 mol% Se-rich Ge1 5As24S€64.5 glass exhibits the min-
imum fragility and thus is most stable against structural re-
laxation. Analysis of the results through decomposing the Ra-
man spectra into different structural units showed that the min-
imum number of the Ge—Ge and As—As homopolar bonds can
be found in GesAsj4Se7; glass but these homopolar bonds
can never be completely suppressed. The glasses with low
fragility, the minimum number of homopolar bonds, and thus
lowest optical loss are promising for applications in photonics.
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