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Abstract

Ge additive chalcogenide materials have become more prevalent in contemporary optoelectronics. The present study utilizes the
melt-quenching process for preparing Se-Ge chalcogenide glasses. For the examined system, submicron structural and physical
characteristics are examined and described. X-ray diffraction spectra show no characteristic peaks, indicate that the glassy
compositions under investigation are amorphous. A further confirmation of the amorphous nature is provided by SEM. The physical
properties of the compositions under examination namely cross-linking density (X), average coordination number (<r>), lone-pair
electrons (L), mean bond energy (<E>), constraints (Nc), fraction of floppy modes (f), cohesive-energy (CE), glass transition
temperature (Tg), electro-negativity (y) as well as heat of atomization (Hs) have been deduced in regard to influence of Ge content.
Cohesive-energy is computed using CBA approach, while mean bond energy is obtained by chemical-bond ordering approach.
Shimakawa's relationship is utilized to compute band gap of the system under investigation theoretically. Average single-bond
energy, electro-negativity and cohesive-energy were used to analyse the results. A relationship between the mean coordination
number and the inferred physical characteristics is established.
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Introduction

Glasses and other amorphous materials have a long history
that predates nearly all human civilizations. These materials
were utilised in pottery and as decoration supplies.
Numerous attempts were undertaken at various times to
explore the specific characteristics of these materials. On
the basis of the absence of long-range order these materials
were believed to be non-semiconductors [1]. Without the
standardization of different techniques, the results obtained
by different research groups happed to be quite divergent
[2]. These factors prohibited the development and the
proper understanding in this field. During 1950s this field
again attracted the interest of researchers due to the
groundbreaking work in the experimental sector [3]. Since
then, this field has become the central field of research. This
field is now acknowledged as being technologically

sensitive. These materials have been found to have a
number of remarkable characteristics, including switching,
photoconductive, memory retention and semiconducting
qualities [2-4]. Chalcogenide glasses have potential and
current applications in infrared (IR) lasers, photonic
crystals, transistors, optical memories, and IR transmitting
optical fibres because of their thermal and optical
properties, that depend on composition [5-6]. Chalcogenide
materials are being developed for rewritable optical
memory [7]. It is necessary to have precise understanding
of these material’s optical constants across a broad spectrum
in order to effectively use them in reflecting coatings and
optical fibres. The electrical, electronic band and atomic
structures of these material’s influence optical
characteristics [8]. Because of commercial application and
technological significance, Se-based glasses remain quite
popular among all chalcogenide systems. These glasses are
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appealing because of their special ability to undergo
reversible transformation, which has numerous device
applications [9].

Even though Se is excellent for glass forming, it has
drawbacks including a short lifespan and low sensitivity
[10]. Alloying Se with impurity atoms like Te, Ge, Ga, As
etc. may resolve these issues [11]. When Ge replaces Se,
Seg ring structure is broken, the chain fraction is marginally
increased, but chain length decreases [12]. Since Ge
improves stability, optical qualities, corrosion resistance,
xerography and chemical durability of chalcogenide glassy
semiconductors, Ge is chosen as an additive in Se [12]. Ge-
doped glasses are emerged as desirable materials for basic
studies of their structure and characteristics. Alterations in
composition result in short-range order alterations, which
are useful for modifying glassy material’s features to fulfil
particular needs [13]. Additionally, assessing physical
factors helps to identify the system's features and can more
accurately predict a glassy system's stability, which
facilitates problem identification and resolution prior to
experimentation.

This study examines the submicron structural
characteristics and general physical characteristics of Ge
doped Seio0xGex (x = 0, 1, 2, 4, 6, 10, 15 and 20 at. wt.%)
chalcogenide alloys primed using the melt-quench method.
The amorphous nature of the composition under
examination and its surface appearance is examined via the
XRD and SEM methodology. A relationship between the
mean coordination number and the deduced physical
parameters is established.

Experimental Details

The process of melt quenching is utilised to prime bulk
samples of SeixGex (x = 0, 1, 2, 4, 6, 10, 15 and 20 at.
wt.%). After being weighed based on their atomic
percentages, at a vacuum of around ~ 2x10° mbar, 5N
extremely pure materials (99.999%) are sealed in a quartz
ampoule that is 12 mm in diameter and 5 cm long. A furnace
is used to elevate the temperature of the sealed ampoules to
900°C at pace of 3-4°C per minute. For 24 hours at
maximum temperature, ampoules are rocked repeatedly to
ensure a uniform melt. Rapid quenching is carried out in the
ice-cooled water to avoid crystallisation. Then ingots of
glassy materials have been removed by breaking the
ampoules. A fine powder is made by grinding these ingots.
Structural analysis is done at room temperature using the
PANalytical X'Pert x-ray diffractometer source, which is
equipped with a Ni filtered using Cu Ka (A = 1.54056)
radiation as X-ray, to take the x-ray diffraction pattern of
the examined samples at room temperature in the range
10°<26<90° at a scanning rate of 1°/min. Figure 1 shows
XRD spectra of SegsGes chalcogenide alloy under

investigation. The absence of identifiable sharp peaks in the
x-ray diffraction spectra indicates that the chalcogenide
alloy under investigation is amorphous. For other samples,
similar outcomes are realised. Surface morphology and
amorphous nature of examined system is further analysed
by SEM (QUANTA FEG 250) operating at accelerating
voltage of 15 kV; which indicates good consistency with
XRD outcomes. The scanned image of SegGes
chalcogenide alloy is displayed in Figure 2. Amorphous
character of primed chalcogenide alloy is indicated by SEM
image, which clearly illustrates phase separation in the
scanned area of the material due to inhomogeneity in the
sample. Other samples also yield similar results.

Results and Discussion

Average Coordination Number and Constraints

The average coordination number was first used with binary
alloys by Phillips and further developed it to characterize
characteristics of covalent chain forming quaternary glasses
[14]. The formula mentioned below is used to obtain
average coordination number <r> for the compound Seigo-
xGex (x=0,1,2,4,6, 10, 15 and 20 at. wt.%):

aNse+BNgGe
a+f (1)

<r>z=
where o and g are respective at.wt. % of Se, Ge and Nse,
Nge denote their corresponding coordination numbers.
Table 1 provides computed <r> values. The <r> was found
to be in the range of 2 to 2.40 (Table 1), indicating that <r>
rises as Ge content rises. It demonstrates that as the Ge
content rises, chains between the atoms are becoming more
cross-linked.

Intensity (Counts / sec)

T
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Figure 1: XRD pattern of SessGes chalcogenide system.

Phillips, Thorpe along with Tanaka established topological
limits 2.4 and 2.67, which are commonly recognised as
mechanical as well as chemical thresholds, in context of
constraint theories. Glasses of chalcogenides with <r> =
2.4 are under constrained or weakly connected, whereas
those with <r> = 2.67 are over constrained or strongly
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Table 1: Values of <r>, N4, Ng, N¢, f and X for amorphous Sexoo-
xGex (X =0, 1, 2,4, 6, 10, 15 and 20 at. wt. %).

Composition <r> Nea Ng Nc f X

Seioo 200 | 1.00 | 1.00 | 2.00 | 0.333 | 0.00
SegeGe1 202 | 101 | 1.04 | 2.05 | 0.316 | 0.05
SegsGe2 204 | 102 | 1.08 | 2.10 | 0.300 | 0.10
SegsGes 208 | 1.04 | 1.16 | 2.20 | 0.266 | 0.20
SegGes 212 | 106 | 1.24 | 2.30 | 0.233 | 0.30
SegoGe1o 220 | 1.10 | 140 | 250 | 0.166 | 0.50
SessGe1s 230 | 1.15 | 1.60 | 2.75 | 0.083 | 0.75
SesoGezo 240 | 120 | 1.80 | 3.00 | 0.000 | 1.00

Figure 2: SEM micrograph of SessGes chalcogenide alloy.

coupled [13]. The structural changes from a two-
dimensional network to a three-dimensional network takes
place at the chemical threshold of <r> = 2.67. Stiffness
percolation limit, for which <r> = 2.4 has been projected to
be the greatest inclination for glass formation. There are two
restrictions for mechanical constraints. Bond stretching
constraints per atom are denoted by N, = <r>/2 while bond
bending constraints per atom on a network are denoted by
Nz = 2<r> - 3. Angular and radial stresses, respectively,
cause Ng and N, to emerge in covalently bonded glasses.
Consequently, sum of N, and Ng equals to the total number
of mechanical constraints per atom (N), which is Nc = N, +
Np.

According to M. F. Thorpe [15], standard modes of
vibration at zero frequency or "floppy modes" make up a
finite proportion of uncoordinated networks, which can be
computed using the following relationship:

f=2-2(r) 0
The density of cross-linking is determined using [15]:

X=N,-2 ©)

Table 1 lists determined outcomes for N, f along with X as
well as plotted in Figure 3. Figure 3 yields the conclusion
that value of N and X rise as Ge content rises. The ideal
circumstance for glass production, as stated by Phillips &
Thorpe [16], is when N equals degree of freedom Ng or N¢
= Ng = 3. N¢ — 3 with the increase in Ge content shows that
degree of freedom available to the atoms in network
stabilizes number of constraints (N¢) in network.

Additionally, the value of f — 0 appears (Table 1). It shows
a phase shift from floppy to rigid, and as a result the system
becomes increasingly rigid; indicating a stronger propensity
for glassmaking in the studied system.

Glass Forming Ability and Lone Pair Electrons

The valence band contains a single pair of electrons (L),
which is a non-bonding pair of electrons. If there is a
sufficient amount of L in the chalcogenide system, vitreous
state is stable. Given that non-bonding electrons can
establish chemical bonds and these bonds are naturally
flexible [17]. Therefore, by eliminating strain tension from
the system, lone-pair electron occurrence promotes the
creation of glass. The following relation was put forth by
Phillips [17] to calculate L in a semiconducting
chalcogenide system:

L=V~ (4)

where valance electrons are indicated by V. In order to
assess the glass-forming ability of chalcogenide glasses,
Zhenhua [18] proposed a straightforward criterion that
states that L should be more than 2.6 for binary systems and
greater than 1 for ternary systems. Table 2 lists the
computed values of L and Figure 4 illustrates how they vary
with the Ge additive. It illustrates how the Ge content causes
L to decrease. The interaction between the lone pair
electrons of the bridging Se atom and the Ge ion can be used
to explain the decrease in L. L reduced as a result of this
systemic interaction. Since values of L for the system under
investigation are found to be more than three, the
composition in under investigation has a good propensity to
form glass.

Stoichiometry Deviation, Mean Bond Energy and Glass
Transition Temperature
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Figure 3: Variation of average coordination number (<r>), total

number of constraints (Nc), cross-linking density (X) and floppy

modes (f) for amorphous SeicoxGex (x =0, 1, 2, 4, 6, 10, 15 and
20 at. wt. %) chalcogenide system.

R is quantity that represents deviation from stoichiometry
and is defined as ratio of chalcogen atoms covalent bonding
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assumptions to those of non-chalcogen atoms [13]. Only
hetero-polar bonds form at threshold, R = 1. If R > 1;
composition is considered chalcogenide rich. If R < 1; the
composition is deemed chalcogen deficient. The following
relationship is used to determine R:

_ *XNse (5)

BX Nge

Plotting the calculated values of R in Figure 4 (Table 2)
reveals that R >1 for the composition under investigation.
Therefore, it seems that the system being studied is rich in
chalcogen. Glassy system features are directly linked to
bond energy, average coordination number, degree of cross
linking and bond type. Using the correlation provided by
Ticha et. al. [19], bond energy <E> evaluated for
composition under examination as:

(EY=Ey+E (6)

where Eim represents contribution from weaker bonds that
have maximised contribution from strong bonds and Eg
indicates overall participation to bond energy caused by
strong hetero-polar bonds.

Eq = B.Dyy, (7

P, stands for degree of cross linking and Dny for average
energy of a hetero-polar bond. Table 2 summaries estimated
values of <E> and shows that <E> rises as Ge is added. The
system's bond energy increases when Ge substitutes Ge-Se
heteropolar bonds (49.44 kcal/mol) for Se-Se homopolar
bonds (44 kcal/mol) in the system under investigation [12-
13].

A transition occurs at the glass transition temperature
(Ty) and below T, a supercooled liquid turns into a glass. It
follows that cohesive forces within material should be
overcome in order to permit atomic movement and that their
size is proportional to Tg. A lot of focus is placed on
predicting Tg in chalcogenide glasses, which is correlated
with <E>, which indicates both cohesive forces and material
stiffness.

Tichy and Ticha have been linked Ty with <r > and <E> the
[20]. They provided following correlation between T4 and
<E> and were regarded as covalent bond approach for
chalcogenide systems:

T, = 311[(E) — 0.9] ®)

Figure 4 shows rise in Ty with the increase in Ge
concentration and values of Ty derived from Tichy-Ticha
are listed (Table 2). T4 increases when Ge substitutes Ge-Se
heteropolar bonds (49.44 kcal/mol) for Se-Se homopolar
bonds (44 kcal/moal) in system under investigation [12-13].

Average Heat of Atomization, Average Single Bond

Energy and Theoretical Band Gap

Average heat of atomization (H_) is a metric that

indicates relative bond strength of material. When all of the
atoms in a chemical substance are completely separated
leads to a change in heat [21]. The average non-polar bond
energy of the two atoms is related to the sum of the heat of
formation (AH) and the average heats of atomization H
and HZ for binary semiconductors made up of A and B
atoms at standard pressure and temperature [13]:

Hy(A = B) = AH +~[H{ + HE] ©)

The square of the difference in the electro-negativity y,
and yg of two atoms is associated with the AH term as:

AH o (xn — x8)* (10)

For higher order semiconducting systems, this relation
might be extended. ﬁs is a direct measure of cohesive-

energy that may be represented as follows for a quaternary
binary system Se,Geg:

a H3®+ BHE®

HS = a+f

(11)

Here Hs (Se) = 227 kd/mol and Hs (Ge) = 377 kd/mol [12-
13]. Table 3 tabulates the obtained values of ﬁs and ﬁs
/<r >. Figure 5 shows the change in ﬁs /<r > with Ge. The
binding strength is shown by H_/<r >. As the

concentration of Ge increases, it is evident from Figure 5
and Table 3 that ﬁs /<r > decreases at the same time. The
substitution of Ge-Se bonds (bond energies 49.44 kcal/mol)
for Se-Se bonds (bond energies 44 kcal/mol) may be the
cause of decrease in ﬁs /<r>[12-13].
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Figure 4: Variation of L, R, <E> and Ty (K) for examined
chalcogenide system.

Table 2: Values of L, R, <E> and Ty (K) for examined
chalcogenide system.
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Composition L=V- R <E> To(K) by
<r> eV/atom Tichy-
Ticha
Se100 4.00 200 1.91 314.02
SegeGe1 3.96 49.5 1.92 317.16
SegsGe2 3.92 245 1.93 320.77
SegsGes 3.84 12.0 1.96 329.32
SeqsGes 3.76 7.83 1.99 339.33
SegoGeio 3.60 4.50 2.07 364.75
SegsGeis 3.40 2.83 2.20 404.19
SegoGezo 3.20 2.00 2.35 451.47

Using Shimakawa correlation [22], the energy gap (E4™) for
Se-Ge glassy composition is calculated theoretically and is
as follows:

E['(Se — Ge) = aE,(Se) + BE,(Ge) (12)

where Eq4(Se) =1.95 eV and E4(Ge) = 0.95 eV are the braced
element's energy gaps. The fluctuation of ﬁs /<r>with Ge

content is shown in Figure 5. Ge addition reduces the energy
gap in the studied Se-Ge system, which can be explained by
a correlation between the energy gap and the system bond
strength. With the addition of Ge, the energy gap (E4") also

reduces as H,/<r> lowers. Moreover, the system's

reducing Eq™ can be explained by the electro-negativity (y)
decreasing as Ge at. wt.% increases (Table 3). The anti-
bonding band forms bottom of conduction band in a
chalcogenide system, whereas lone pair of Se atoms forms
top of valence band [13]. The lone pair energy decreases
and the valence band shifts towards the energy gap when
the electro-negativity of the Se atom (y = 2.55) is substituted
with that of the electronegative Ge atom (y = 2.01) [13],
which may result in a decrease in the energy band gap.

Cohesive-energy and Electro-negativity

Cohesive-energy in a solid is defined as the energy needed
to break every bond among its constituent atoms. Cohesive-
energy is evaluated using chemical bond approach (CBA)
[13]. The CBA model states that, unless the valence of the
atoms is satisfied, hetero-polar bonds form more readily
than homo-polar bonds and appears in a series of decreasing
bond energies. Bond energies are also additive in nature. By
summing the bond energies of each bond expected in
system under study, cohesive-energy is calculated as
follows:

CE = £ (13)

100

In this case, D; represents energy of associated bonds, while
Ci represents number of predicted chemical bonds.

Table 3: Values of Hs/<r>, Hs, E¢", CE and y for investigated Se-
Ge chalcogenide system.

Sample Hs Hs/<r> | Eg CE x
Seioo 2.14 1.071 1.95 0.440 2.55
SegeGer 2.16 1.069 1.94 0.442 2.51
SegsGez 2.18 1.067 1.95 0.443 2.50
SegsGes 221 1.063 1.90 0.445 2.46
SegsGes 2.25 1.060 1.88 0.447 241
SegGeio 2.32 1.054 1.83 0.451 2.32
SessGeis 241 1.046 1.77 0.459 2.22
SesoGezo 2.49 1.039 1.71 0.467 211
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Figure 5: Variation of Hs/<r>, E¢", CE and y with Ge additive
for Se-Ge chalcogenide system.

The examined composition's electro-negativity (y) has been
determined via Sanderson's method [23].

The system's electro-negativity (y) can be represented as the
geometric mean of the electro-negativity of its component
elements in accordance with Sanderson's hypothesis [23].
The electro-negativity values for Se and Ge are 2.55 and
2.01 respectively on the Pauling scale [12-13]. Figure 5
(Table 3) illustrates how CEand ychange as Ge
concentration rises. With content, it has been known that CE
rises and y declines [13]. The decrease in energy gap can be
explained by rise in CE. As a result, a fall in CE lowers the
conduction band edge energy, which in turn lowers the band
gap between bonding & anti-bonding orbitals. This results
in a reduction of the optical energy gap [13].

Conclusions

This study examines the submicron structural
characteristics and general physical characteristics of Ge-
doped Se-Ge chalcogenide alloys prime through melt-
quench method. X-ray diffraction patterns show no
characteristic peaks, this indicates that glassy compositions
under investigation are amorphous. A further confirmation
of the amorphous nature is provided by SEM. The
inhomogeneity in the samples leads to phase separation in
scanned area of SEM micrographs of material. Thus, SEM
analysis is consistent with the XRD results. The impact of
Ge content has been investigated in theoretical predictions
in relation to their physical characterisations using the
metrics; <r>, f, <E>, X, L, N, CE, Hs, y and T4. Cohesive-
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energy is computed using CBA, while mean bond energy is
obtained by chemical-bond ordering approach. Tichy-Ticha
method is used to estimate Tq. When Ge is added to the Se-
Ge system, <r>, N, X, <E>, CE, T4 and H; are enhanced.
However, it is observed that the Ge content decreases L, f,
R, y and E¢". This is explained by the fact that as the Ge
content increases, Se-Se homopolar bonds (44 kcal/mol) are
replaced by Ge-Se heteropolar bonds (49.44 kcal/mol).
Shimakawa's relationship was utilized to compute band gap
of the system theoretically. Average single-bond energy,
electro-negativity and cohesive-energy were used to
analyse the results. A relationship between the mean
coordination number and deduced physical properties is
established.
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