ACERP: Vol. 3, No. 2, (Spiring 2017) 7-13

Advanced Ceramics Progress Research

CE RP “ Article

Advanced Csramics Prograss

Journal Homepage: www.acerp.ir

Fabrication and Structural Characterization of Se-Ge Chalcogenide Glasses by
Means of Melt Quenching Technique

M. Ghayebloo?, M. Rezvania*, M. Tavoosib

aDepartment of Materials Science and Engineering, University of Tabriz, Tabriz, Iran.
bDepartment of Materials Engineering, Malek-Ashtar University of Technology (MUT), Tehran, Iran.

PAPER INFO ABSTRACT

In this study, the structural and optical characterization of Se-Ge alloys during melt quenching
technique have been investigated. For this purpose, five different samples of Se;o.xGex (x= 10, 20, 30,
40, 50) were prepared by conventional melt quenching in quartz ampoule. The produced samples were
characterized using X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), Differential
Scanning Calorimetry (DSC), Fourier Transform Infrared Spectroscopy (FTIR), IR Variable Angle
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Keywor: dSI: Spectroscopic Ellipsometry (IR-VASE) and Raman Spectroscopy. The results showed that the glass
ghaécogemde glass forming ability of SesGeso and SesoGeso is so low and the structures of these alloys after quenching are
e-Ge

combination of amorphous, GeSe, and Ge,Se; compounds. Although the structure of as-prepared
SeqGero, SesoGeyo and SeqGesp is fully amorphous, only SesGeso shows IR transmittance (with
transmittance higher than 55% between 0.8-11 um). The refractive index of this glass was in the range
of 2.0 to 2.6 and it was decreased with increasing the wavelength. The Fermi energy, Urbach energy,
indirect and direct band gaps values of SegGes glass were estimated about 0.3879, 0.1526, 1.345 and

IR transmittance

1.28 eV, respectively.

1. INTRODUCTION

Chalcogenide glasses have attracted the attention of
many investigators due to the fact that they are potential
candidates for applications in infrared optics, photonics
devices, reversible optical recording, memory
switching, inorganic photoresists and anti-refraction
coatings. The main applications of this kind of glasses
are for transmission in infrared (IR) range for optical
communications systems [1]. Selenium is an excellent
glass former, however, pure Se has disadvantages such
as low physical (glass forming ability, optical properties
and etc.) and mechanical properties [2]. It is well-known
that the amorphous forming composition of Ge—Se
alloys ranges from pure Se to Ge;Se, by a rapidly melt-
quenching method. It has become apparent that the
4(Ge)-2(Se) folded structural model with covalent
nature is applicable for amorphous samples in this
composition range. Crystalline GeSe, is constructed by
GeSey), tetrahedral units connecting each other at the
corners or edges, in which a central Ge is covalently
bonded to four Se. The importance of optical methods to
the study of local structure in binary chalcogenide
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glasses has been demonstrated recently for the Ge,Se;,
system [3, 4].

Although there are a lot of studies about the formation
and characterization of Se-Ge chalcogenide glasses, the
formation and characterization of bulk Se-Ge glasses
has not been properly investigated. So, in this study, the
structural and optical characterizations of Se;go.xGe, (x=
10, 20, 30, 40, 50) has been investigated. The exact
effect of Ge on optical properties of bulk Se-Ge glasses
and the relation between network connectivity and
optical properties of these alloys is another issue that is
studied in this work.

2. MATERIALS, METHOD

Bulk SejgoxGey (x= 10, 20, 30, 40, 50) samples were
prepared through conventional melt quenching
technique using high purity Se (Changsha Santech
material, 99.99% purity) and Ge (Changsha Santech
material, 99.999% purity) elements. Pure Mg element
(Merck, 99.99% purity) was also used as gathering
material. About 20 g of each batch was transferred to a
high purity quartz ampoule (with internal diameter of
about 11 mm and cleaned with 0.4%HF), evacuated
under vacuum and then sealed. The prepared samples
were homogenized at 900°C for 8 h in a rocking furnace
and then they were subsequently quenched at quenching
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media at different temperatures. The quenching
conditions for each sample are presented in Table 1.
After that, as-prepared samples were annealed at about
20°C below glass transition temperature for 4 h and
slowly cooled down to room temperature.

TABLE 1. The quenching media and temperature for
formation of bulk Ge-Se samples

Quenching Quenching
S.N. Composition media Temp.

‘O
Sample 1 SeqGeio Oil Bath 50
Sample 2 SesoGer Oil Bath 100
Sample 3 Sez0Geso Salt Bath 240
Sample 4 SesGeso Salt Bath 240
Sample 5 SesoGeso Salt Bath 240

XRD technique, using a diffractometer with Cu-K,
radiation (A= 0.15406 nm; 40 kV; Philips PW3710) was
employed to follow the structural changes of the
specimens (step size: 0.05° time per step: 1sec.). The
structure of the as-prepared samples was investigated by
Field Emission Scanning Electron Microscopy (MIRA3
FEG-SEM) at an accelerating voltage of 20kV.
Differential Scanning Calorimetry was also conducted
to study the thermal behavior of produced samples using
the DTG-60AH Shimadzu calorimeter. The samples
were placed in Al,O; pans and heated in dynamic argon
atmosphere up to 550°C at a heating rate of 10°C/min.
The Raman spectra were obtained using a Renishaw In
via Raman Spectrometer equipped with a LD laser with
the excitation wavelength of 785 nm. The excitation
power applied to the measurement is approximately 5
mW. IR Variable Angle Spectroscopic Ellipsometry
(IR-VASE, J. A. Woollam Co., Lincoln, NE) was used
to measure the linear refractive indices in which the
angles of incidence were 70 and 75°. Optical properties
of the produced samples were also measured using FT-
IR spectrometer (Bruker Tensor 27) in wavelength
range of 2.5-17.5 pum and wusing UV-VIS-NIR
spectrometer (Shimadzu UV3100) in wavelength range
of 600-2500 nm.

3. RESULT AND DISCUSSION

The glass forming ability (GFA) of one composition
directly depends on the reduced glass transition
temperature (T,,=Ty/T;; where T, is glass transition
temperature and T, is liquids temperature) [5]. Turnbull
[6] proposed that, the glass forming ability can be
increased with increasing T,,. Considering this point,
the alloys near to eutectic composition (with lower T)
have the highest and the alloys near to peritectic
reactions (with higher T)) have the lowest glass forming

ability. According to the equilibrium phase diagram of
Se-Ge system [7], in selenium rich sides, two eutectic
(212°C, 93 at.% of Se and 583°C, 56 at.% of Se) and
two peritectic reactions (742°C, 33.33 at.% of Se and
675°C, 50 at.% of Se) can be detected [7]. So, different
samples in this work have different abilities in forming
glassy phase. For better understanding, the structural
and optical investigations of the samples prepared in
this work were presented in two separated parts: Se-
GeSe; (SegGeyy, SeggGeyg and Se;oGesp) and GeSe-
GeSe; (SeqnGeyo and SespGesg) subsystems.

3.1. GeSe;-Se subsystem The
XRD patterns of SegyGejg, SeggGeyg and SesoGesq as-
prepared samples are presented in Fig. 1. According to
these XRD patterns, the microstructure of SeqyGeo and
SegoGeyy as-prepared samples are fully amorphous and
there is not any evidence of crystalline phases in these
specimens. Based on DSC heating traces (Fig. 2), the
glass transition temperature of these two calcogenide
glasses was estimated as about 96 and 170°C,
respectively, which are in agreement with Guin and et
al. report [8]. As it can be seen, the glass transition
temperature of these specimens increases by increasing
the Ge contents. In fact, by adding Ge atoms to Se
network, two main phenomena occur:
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Figure 1. The XRD patterns of SeqyGejy, SegyGeyy and
Se,Gesg as-prepared samples

1- Increasing the network connectivity; Based on Fig. 3,
as the germanium content increases from 10 to 30 at.%,
the Se-Se chain bonds decreases, and the Se-Ge bonds
with two-fold coordination around selenium and four-
fold coordination around germanium increases,
progressively. This point illustrates that, the network
connectivity (former) is increased by enhancement of
the Ge content [9-10].

2- Increasing the bonding energy; By replacement of
weaker Se-Se bonding (bonding energy of about 184
kJ/mol [10]) with stronger Ge-Se bonding (bonding
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energy of about 215 kJ/mol [10]), therefore the average
bonding energy was increased.
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Figure 2. The DSC heating trace of SeqgGejo, SegoGeyo and
Se;0Ge;y as-prepared samples in heating rate of 10°C/min
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Figure 3. Raman spectra of Sejg.,Ge, (x= 10, 20, 30, 40, 50)
as prepared samples

By attention to these points, formation of one glass
network with more network connectivity and higher
bonding energies are the main reasons of increasing the
glass transition temperature with increasing the Ge
content. These results are in very good agreement with
Popescu et al. [11] report.

(b)
Figure 4. The SEM micrographs of Se;,Ge;, as-prepared
sample in two magnifications

Besides the SeqGejy and SegyGeyy samples, the fully

amorphous phase is not formed in Se;yGe;, sample and
the XRD pattern of this specimen (Fig. 1) contains
metastable crystalline Ges;Se; [12] peaks which are
located in amorphous hallo phase. This phase has an
orthorhombic (space group P222) unit cell with a=
6.986 A, b=17.808 A, and c= 12.0761 A. This result is
in agreement with FESEM micrographs of these
samples which are presented in Fig. 4.

As it can be observed, the spherical precipitates of
Ge;Se; with average particle size of about 70 nm are
uniformly dispersed in amorphous matrix. In fact,
formation of Ge;Se; metastable phase in Se;Ges, as-
prepared sample is the main reason of low glass forming
ability of this alloying system. This phase is
decomposed to GeSe, phase during an exothermic
reaction at 300°C which is in agreement with Stolen et
al. [12] report.

The FTIR spectra of SeqgyGejg, SegoGe,y and Se;oGes as-
prepared samples are presented in Fig. 5. As it is shown,
the IR transmittance of these three samples is near to
zero. Although, the formation of Ges;Se; crystalline
phase in Se;Ges, specimen is the main reason of low
transmittance of this sample, the low IR transmittance
of fully amorphous SegGej, and SegyGe,y can be
attributed to two main reasons:
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Figure 5. The FTIR spectra of SegGejy, SegoGeyo and
Se;0Gesg as-prepared samples

1- The bonding nature: The structural investigations of
Ge-Se alloys according to Raman spectra (Fig. 3)
showed that the structure of glassy phase in GeSe,-Se
subsystem consists of Seg puckered rings, Se, spiral
chains as well as Ge(Sey,)s tetrahedral and Ge,(Se;)y)s
ethane like in proportions varying to comply with the
actual x-values [13-17]. In fact, strong covalent bonds
exist between the Se-Se atoms in the Se, chains and Seg
rings, whereas between the chains and rings there is
weak Vander Waals type bonds [18]. It seems that the
weak Vander Waals type bond in GeSe,-Se subsystem
is the main reason of low IR transmittance of fully bulk
amorphous SeyGejy and SegyGeyy samples. So, the
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alloys in GeSe,-Se subsystem are not suitable to be used
in infrared windows unless the network connectivity get
increased and Vander Waals type bonds be converted to
strong covalent bonds. It was found that [14] by
increasing the Ge content and moving to GeSe-GeSe,
subsystem, the Se-Se chains and rings are vanished
completely and one network with best Se-Ge
connectivity (Ge(Sey,)s, Gey(Seyn)s and Ge(Seyp),) is
formed.

2- Presence of lone pair of electrons: The absorption
phenomena in chalcogenide glasses can also be due to
the excitation of non-bonding (lone pair) electrons in
atomic structure. The lone pair electrons of selenium in
Seg puckered rings and Se, spiral chains have higher
energy than bonding electrons and are more excitable
[19]. By attention to this point, the presence of lone pair
electrons (which are absorber) in Se-rich chalcogenide
glasses has destructive effect on transmittance in
infrared region. This behavior was also reported by
Kumar et al. [20] for Se,;SngPbs.,Ge, (x= 7, 8, 9, 10,
11) system.

3.2. GeSe;-GeSe subsystem The
XRD patterns of SeqGeyy and SesoGesy bulk samples
are presented in Fig. 6. According to this figure, the
microstructure of SegGeyy as-prepared sample, which is
near to eutectic reaction in GeSe,-GeSe subsystem, is
fully amorphous and there is not any evidence of
crystalline phase in this sample. The glass transition
temperature of this glass was estimated as about 331°C
(Fig. 7) which is near to other reports [7]. Beside the
SegGeqo system, the amorphous phase has not been
formed in SesoGes, as-prepared alloy and the structure
of this sample only consists of GeSe crystalline
compound. The GeSe is stable compound in equilibrium
phase diagram and has an orthorhombic (space group
Pbnm) unit cell witha=4.388 A, b=10.825 A, and c =
3.833A.
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Figure 6. The XRD patterns of SegqyGeyy and SesoGes, as-
prepared samples

In fact, higher glass forming ability of SeqGey alloy in
comparison with SesoGesy and Se,Gesp can be
attributed to the reduced glass transition temperature.
The liquids temperature of eutectic composition is lower

than the peritectic composition. So, the alloys with
composition near to eutectic composition (SegyGes)
have higher reduced glass transition temperature as well
as glass forming ability in comparison with peritectic
composition (SesoGesg and Se;oGesg).
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Figure 7. The DSC heating trace of SegGeyo and SesoGesg
as-prepared samples in heating rate of 10°C/min

The FTIR spectra of SeqoGeqo and SesoGes, samples are
presented in Fig. 8. According to this figure two points
can be drawn as:
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Figure 8. The FTIR spectra of Seq Geyy and SesoGesy as-
prepared samples

1- Same as samples prepared in Se-GeSe, subsystem,
the IR transmittance of Ses)Gesy is near to zero. In
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contrast, the infrared transmittance of SegGeyy as-
prepared sample is high and reaches about 55%. In fact,
the high IR transmittance of this sample can be
attributed to formation of fully amorphous phase
without any weak Vander Waals type interaction and
lone selenium pair electrons between Seg rings and Se,-
chains. Based on Raman spectra (Fig. 3), by increasing
the Ge content up to 30%, the Se-Se chain bonds (with
lone selenium pair electrons) [9, 21] disappear and the
intensity of Se-Ge is bonds with two-fold coordination
around selenium and four-fold coordination around
germanium increased. It seems that, replacement of Se-
Se bonding in Seg rings and Se,-chains (with weak
Vander Waals type interaction and lone pair electrons)
is the main reason leading to high IR transmittance of
the prepared glasses in GeSe-GeSe, subsystem.
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Figure 9. The FTIR spectra of SegyGe,o as-prepared sample
in presence of 100 ppm Mg

2- There are several absorption peaks at 2.85, 4.48,
4.94,6.26, 7.9 and 12.5 pum in FTIR spectra of SeqGeyo
which are related to Se-O-H, Se-H, Ge-H, Ge-O and
Ge-0, respectively [2]. As it can be seen, these peaks
are attributed to oxides and hydrides impurities from
raw materials and quartz ampoule. In order to remove or
reduce the absorption peak intensity of oxide impurities,
about 100 ppm of pure Mg element was added to the
bath and the prepared sample was examined with FTIR

technique. The FTIR spectrum of this sample is shown
in Fig. 9. As it can be observed, addition of Mg element
to SegyGeyo has significant effects on reduction of oxide
absorption bonds. It is also shown that in this condition,
the Se-O-H and Se-O absorption peaks are vanished
completely and the intensity of absorption peaks of Ge-
O are sharply decreased. It seems that, Mg element
absorbs the oxygen atoms from the melt and converts
the free oxygen (Se-O and Ge-O) to bridge Mg-O-Mg
bonds. In fact, this bond is so strong and do not show
any absorption in IR region. However, removing the
oxygen elements from Se-O-H bonds leads to increasing
the intensity of absorption bands corresponding to Se-H
and Ge-H, as shown in Fig. 9.

The values of refractive index of the prepared SegGey
glass as a function of wavelength (determined by IR-
VASE) are presented in Fig. 10. Based on this figure,

two main points can be drawn:
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Figure 10. The calculated refraction index of SegqyGeyg glass
as a function of wavelength

1- As it can be seen, the refractive index of this sample
is in the range of 2.0 to 2.6. This values of refractive
index are in the range of refractive index for Ge,Se;
(0<x<0.42) glasses [22].

2- Regardless to the chemical composition, the
refractive index of this glass is decreased with
increasing the wavelength. This result is in agreement
with Cauchy relation [23]:
nz(/1)=‘4+/iiz+/1£4 D
where A, B and C are the Cauchy coefficients, which
are characteristics of the material.

The UV-Visible spectrum of SeqGey glass is presented
in Fig. 11. As it can be seen, the absorption edge of
short wavelength in UV-Visible spectra is about 950
nm. The strong absorption of this glass shows that, the
extinction coefficient (K) obeys the Fermi-Dirac
distribution function. Thus, the Fermi energy level can
be calculated by applying Eq. 2 [24]:

oo 1
l+exp[(E, —E)/ K,T] )
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where Ep is the Fermi energy, E is the variable photon
energy probing the sample, Ky is the Boltzmann
constant and T is the ambient temperature (297 K). In
this regard, the Fermi energy of SeqGeyo glass can be
calculated by linear fitting from equation 2.

For amorphous materials, the absorption coefficient
exhibits a sharp increase just before the band gap. The
relation between absorption coefficient and the incident
photon energy is given by Davis and Mott [25] relation:

5 (hu—Eg””’)”
ho

where P is a constant related to the extent of the band
tailing, n is the index which can have different values of
2, 3, 1/2 and 1/3 corresponding to indirect allowed,
indirect forbidden, direct allowed and direct forbidden
transitions, respectively. Therefore, by plotting (ohv)'"™
vs. photon energy (Tauc's plots), the intercept of the
obtained line divided by slope, is equal to the energy
band gap of optical transitions.

Moreover, the optical absorption in amorphous
semiconductors near the absorption edge is usually
characterized by three types of optical transitions
corresponding to transitions between tail and tail states,
tail and extended states, and extended and extended
states. The first two types correspond to hv<E,* and the
third one corresponds to hv>E, ™. Thus, the plot of
absorption coefficient versus photon energy (o vs. hv)
has three different regions. In the second region, the
absorptions is related to transitions from the localized
tail states above the valence band edge to extended
states in the conduction band and/or from extended
states in the valence band to localized tail states below
the conduction band. The spectral dependence of
absorption coefficient usually follows the so-called
Urbach rule:

a=pf exp(g—u) 4)

a=pf 3)
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Figure 11. The UV-Visible spectra of SeqgGey as-prepared
sample in presence of 100 ppm Mg

By attention to these equation, and linear fitting of Ln a
against hv curves in the tailing part of localized states
[26], the Urbach energy (Ey) can be calculated.

Based on above equations, the Fermi energy, direct and
indirect allowed optical band gaps and Urbach energy of
SeqoGeqo glass were calculated and the obtained results
are presented in Table 2. These results are near to
optical properties of Sej¢Geg 33 with direct band gap,
indirect band gap and Urbach energy equal to 1.79, 1.81
and 0.26 eV, respectively [27].

TABLE 2. Fermi energy, direct and indirect allowed optical
band gaps and Urbach energy of SeqGey glass

Fermi Urbach Indirect band Direct band
energy energy gap gap
(eV) (eV) (eV) (eV)
0.3879 0.1526 1.345 1.28

4. CONCLUSION

In this study, the structural and optical characterization
of SejpxGey alloying system during melt quenching
process was investigated. The results showed that the
glass forming ability of Se;(Gesy and SesoGesg is so low
and the structures of these alloys after quenching are
combination of amorphous, GeSe and Ge;Se;
compounds. Although the structures of the as-prepared
SeqoGerg, SeggGeyy and SeqyGeyy are fully amorphous,
only SeqGeqy shows IR transmittance. The refractive
index of this glass is in the range of 2.0 to 2.6 and it was
decreased with increasing the wavelength. The
absorption edge of short wavelength in UV-Visible
spectra for SeqGeyo is about 950 nm. Addition of Mg
element (100 ppm) has the best effect on removing the
oxide impurity bonds in IR spectrum.
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