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The structure of the glassy Ge,nSegoxBix glassy aloys has been examined theoretically. The
experimentally observed and the theoretically calculated optical band gap Ey in the
amorphous GeySego.xBix System prepared in vacuum with x = 0, 4, 6, 8, 10, 12. were found
to be in good agreement. Besides al these a relationship between the glass transition
temperature and Ey has been established. The effective coordination number, number of
constraints, number of excess Se-Se bonds , the cohesive energies of the bonds, average
heat of atomization, theoretical optical band gap and the band gap and dispersion energy
based on WDD modd has been cal culated for the Ge,oSeso.<Bix System.

(Received November 11, 2005; accepted November 24, 2005)

Keywords: Chalcogenides, Optical band gap, Germanium selenide, Heat of atomi zetion,
Glass transition temperature, Chemica bond approach

1. Introduction

Chalcogenide glasses have been recognized as promising materials for infrared optical
dements [1], infrared optical fibres[2], and for the transfer of information [3]. They have aso found
applications in xerography [4], switching and memory devices [5], photalithography [6], and in the
fabrication of inexpensive solar cdls [7] and, more recently for reversible phase change optical
records [8]. The addition of an impurity has a pronounced effect on the conduction mechanism and
the structure of the amorphous glass and this effect can be widdy different for different impurities.
It was believed that impurity has very little effect on the properties of amorphous semiconductors as
each impurity can satisfy its vaence requirements by adjusting its nearest neighbour environment
[8]. However, it was shown that the effect of charged additivonsin lone-pair semiconductors depend
on whether the charged additivons equilibrate or not with valence-alternation defects [9].

The optica properties of amorphous semi conductors have been extensively studied in recent
decades because of their wide range of applications and strong dependence on composition. In the
present paper the effective coordination number, number of constraints, number of excess Se-Se
bonds, the cohesive energies of the bonds, average heat of atomisation, optical band gap predicted
theoreti cally; the band gap and dispersion energy based on WDD modd has been calculated for the
GexoSeBix system. From the chemical bond approach, interesting relationships between the
average heat of atomisation, glass transition temperature, chemical bonds and the optical band gap
has been reported.

2. Experimental

Bulk GexSesoxBix materiads (x =0, 4, 6, 8, 10, 12) were prepared by the conventional melt
quenching technique. Thin films of GexSeso.xBix were prepared at room temperature at 10° Torr
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vacuum using flash evaporation technique on a glass substrate of 1cm x1cm size. The film thickness
were monitored and measured by quartz crystal digital thickness monitor DTM —101 modd and the
film thickness was kept around 2000A°. The spectral transmittance T(A\) and reflectance R(A) were
measured at normal incidence in the wavd ength range 200 nm — 840 nm by means of a Hitachi
double monochromator spectrophotometer modd 330.

3. Results and discussion

Thevalues of direct and indirect band gaps were cal culated from the graphs of (ahv )? and
(ahv )¥? vs. hv, respectively. For indirect and direct allowed transitions the energy gaps were
determined by the intercept of the extrapolations to zero absorption with the photon energy axis are
taken as the values of the indirect and direct energy gaps E, and E,* respectively. Both direct and
indirect band gaps decrease with increasing bismuth content. The indirect band gap decreased from
1.48 to 1.16 eV and the direct band gap decreases from 2.14 to 1.68 €V when Bi content is
increased fromx = 0tox = 12[29].

3.1. Theeffective coordination number and number of constraints

The glassy networks are influenced by mechanica constraints (Nqon) associated with the
atomic bonding, and an average effective coordination number < rg; > which is dso related to Neop.
In a covaently bonded glassy network two types of constraints, bond-bending N® and bond
stretching N need to be counted [10]. For an atomic species with coordination number r, the
number of constraints per atom arising from bond bending N® = 2r — 3 and from bond stretching
N® = r/2. Knowing the average number of constraints Neon =N + NP and the average coordination
number r for different composition of GexSesxBix (X =0,2,4,6,8,10,12) glassy system, the effective
average coordination number <re > can be calculated [11]using the formula

< Feff > = (25)( Ncon+ 3) (1)

Table 1 shows the values of N®, NP, Ny, along with < rg > for the GexSeso xBix glassy
system. In our system the average numbe of constraints per atom N, exceeds the number of
degrees of freedom Ny = 3, the heteropolar- bonded Bi concentration is found to be less than one.
Thus the non-monotonic behaviour of various properties observed in these glasses is explained in
terms of an interplay between “mechanical” and “chemica” forces which affect the structure of the
glass as afunction of < re >.

According to Thorpe [12] in the range of the glass-forming compasitions, the system should
contain rigid and floppy regions. The GexSeyp composition corresponding to an average
coordination of m = 2.4 is a percolation threshold at which a transition from floppy glass to arigid
glass take place. This means when m= 2.4 corresponding to the mechanica percolation threshold.

According to Zachariasen [13], atoms combine more with atoms of different kinds than with
the same kind. This condition is equivalent to assuming the maximum amount of chemical ordering
possible. This means that bonds between like atoms will only occur if thereis an excess of a certain
type of atom, so that it is not possible to satisfy its va ence requirements by bonding it to aoms of
different kinds aone, so bonds are formed in the sequence of decreasing bond energy until al
available valences of the atoms are saturated.

3.2. Chemical bond deter mination

The possible bond distribution at various compositions using chemicdly ordered network
(CON) modd [14]. The mode assumes that: (a) atoms combine more favourably with atoms of
different kinds than with the same and (b) bonds are formed in the sequence of bond energies
(Tablel) [15].
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Table 1.
Composition N° NP Neon <rer>
GexSesn 1.2 138 3 2.4
GexoSersBis 1.22 1.88 31 2.44
GexSerBis 1.23 1.92 3.15 2.46
GexSerBig 1.24 1.96 32 2.48
GexSenBiio 1.25 2.0 3.25 25
GexoSessBize 1.26 2.04 33 2.52

Also, we apply the wdl known 8-N rule to all the chemica species. As Bi replaces Se, the
number of Bi-Se bonds increase a the expense of Se-Se. The bond energies D(A-B) for
heteronucl ear bonds have been cal culated by using the rlation [16].

D(A-B) = [D(A-A) D(B-B)]"* + 30(Xa - Xo)* )

where, D(A-A) and D(B-B) are the energies of the homonuclear bonds and x, and X, are the
e ectronegativity values of the atoms involved. The bonds formed in GexSeso-xBix system and their
energies are given in Table 2 and d ectronegativity for Bi = 2.0, Se = 2.55 and of Ge = 2.01. The
assumption mentioned above can be applied in its simplest form to memory materias, where thereis
no ambiguity about the formal order in which the bonds are formed [17]. The Bi atoms bond
strongly to Se, the Se atoms a so fill the availabl e valences of the Ge atoms. After all these bonds are
formed, there are still unsatisfied Se vaences “excess bonds’ which must be satisfied by the
formation of Se-Sebonds. If we further assume that, the bond energies are additive, we can estimate
the cohesive energy (C.E), i.e, the stabilization energy per atom for an infinitdy large cluster of the
material. The number of excess bonds and the C.E. of GexSeso.xBix sSystem arelisted in Table 2.

Table 2.

Composition | Excess of Se- Cohesive Bond | Bond energy

Se bonds energy(eV/atom) (kcal/mal)
GenSeso 80 2.489 Ge-Se 49.5
GexSesBiy 60 2.510 Se-Se 4
GexSeBig 50 2.521 Se-Bi 40.7
GezosemBi 10 30 2.542
Gezo%gB| 12 20 2.553

It is found that the density of Ge-Se-Bi system is higher than that of Ge,xSey and that the
patia substitution of Bi atoms for Se atoms leads to a “densification” of the structure system as
indicated in Table 3. Moreover it seems that this is aso connected with a “compositiona shift
towards the Serich region”.

3.3. Thecorrelation between glasstransition temperature T4 and band gap E,

The Tg-band gap corrdation is an essential feature of any comprehensive theory relating
structure and properties for amorphous materid s [18]. The origins of the T vs. Eg

Correlation are based only upon a knowledge of Egand coordination number r. For E; we
have used the quantity Ey, defined as the photon energy at which the optical absorption coefficient
has a value of 10* cm™. The obtained values of Eq, arelisted in Table 3 in comparison with T, for the

GeZOSGBO-XB [ X SyS[em
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Table 3.
Composition T, (K) density(gmem™) Eo (€V)
GexSeso 429.1 4.912 1.96
GexoSersBis 473.2 5.1116 1.79
GexSersBig 488.9 52114 1.77
GeySerBig 489.5 5.3112 1.74
GexoSerBiio 490.9 5411 1.65
GexoSessBi2 471.4 5.5108 161
Table4.
Element Bi Se Ge
Eg (eV) 0.2275 | 1.95 0.95
Density 9.8 4.79 5.0
(gem)
m 3 2 4
Hs (kJ/moal) 207.36 | 226.4 | 373.8
Electronegativity 2.02 2.55 201

3.4. Theoretical prediction of the band gap

It is found that the variation of energy gap with compasition in amorphous aloys can be
described by assuming random band network using the Shimakawa relation

Eqnap) (Y) = YEqa) + (1-Y)Eqp 3

where Y is the volume fraction of eement A, Eys and Eyg are the opticad gaps for A and B
dements, respectively. The conversion from atomic composition (at%) or molecular composition
(mol %) to volume fraction Y is made using atomic or molecular mass and density of both Bi and
Se Cdculation based on a random network with experimental results for optica gap for GexSeso.
«Bix films are shown in Table 5. In conclusion the optical gap E, for GexSesoxBix determined by
volume fraction and the optical gap Eg calculated using the experimenta data, lead to the conjecture
that a modified virtua crysta approach for mixed crystals is acceptabl e for an amorphous system.

Table5.

Composition Hs (K¥mal) r Hyr Eg
(V)
GexoSeso 255.88 2.4 106.616 1.769
GeyoSerBia 255.48 2.44 104.706 1.68
GeySersBis 254.74 2.46 103.5516 1.64
GeySerBig 254.36 2.48 102.563 1.59
GexSenBiig 253.97 25 101.5904 155
GexSessBi 12 253.95 252 100.7746 151

The experimentally obtained optical band gap [29] and the theoretically calculated va ues
for GexSes.«Biy both were found to decrease with increasing Bi content. Since optical absorption
depends on short range order in the amorphous state and defects associated with it, the decrease in
optical gap may be explained on the basis of the “density of states” model in amorphous solids
proposed by Davis and Mott. According to this modd, the width of the localized states near the
mobility edges depends on the degree of disorder and defects present in the amorphous state [19].
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3.5. The average heat of atomization

According to Pauling [20] the heat of atomization Hy(A-B) at standard temperature and
pressure of a binary semiconductor formed from atoms A and B is the sum of the heat of formation

AH and the average of the atomization H¢™ and H® that corresponds to the average non-polar bond
energy of thetwo atoms [21]

Hy(A-B) = AH + ¥ (HS* + HP) 4

Thefirst term in equation (4) is proportional to the sguare of the difference xa and X of the
two atoms.

AH O (Xa - Xe)’ (5)

In the few materials for which it is known, the amount of heat of formation AH is about 10%
of the heat of atomization and is therefore neglected. Hence

HS(A'B) = 1/2(HSA + HSB) (6)

The results of Hs for GexSesoxBix  films using the vaues of H for Ge, Se Bi (given in
Table 4) are listed in Table 5. In order to corrdate Hs with Ey in non-crystalline solids, it is
reasonable to use the average coordination number r instead of the isostructure of crystalline
semi conductors.

The datalisted in Table 5 reved that the addition of Bi leads to a change in the considered
properties. The increase of Bi leads to the decrease of Eq and Hy/r whereas r increases. The various
bond energies of the expected bonds in the system are listed in Table 2. If there is a linear
dependence between the bond strength and the average band gap, and if one dlows ther
superpasition to describe the compounds, then the addition of Bi to GeySeg, matrix will affect the
average band gap. By adding Bi to GexSesy the average band strength of the compound decreases,
and hence E4 will decrease. In order to emphasize the rel ationship between E4 and the average band
strength more clearly, Ey is compared with HJr which is the average single- bond energy in the
aloy. One observes that E4 as well as Hy/r decreases with increasing Bi content, which suggests that
one of the main factors determining Egy is the average single bond in the dloy [22].

3.6. Average energy gap and dispersion energy from WDD model

According to the single oscillator mode proposed by Wemple and DiDomenico [23] and
Wemple [24] the optical data could be described to a very good approximation by the following
formula

n* = (EE)/ (B - E) ()

where, n istherefractiveindex, E, isthe average energy gap, E isthe photon energy and E4 isthe so
— caled dispersion energy. The latter quantity measures the average strength of theinterband optical
transitions. Plotting (n° — 1) against (hv)? allows the determination of the oscillator parameters by
fitting a straight line to the points. The value of E, and E4 can be directly determined from the dope
(EoEg)" and the intercept on the vertical axis, (Eq / E;). The vaues obtained for the dispersion
parameters, E, and E4 are tabulated in Table 6. As it was found by Tanaka [25], the first
approximate value of the opticd band gap, Eg, is aso derived from the Wemple — DiDomenico
dispersion relationship, according to the expression Eq, [ E, / 2. The values so obtained from this
equation are in amost agreement with the values obtained from the Tauc's extrapolation using the
val ue of the absorption coefficent from the T and R measurements.
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Table 6.
Composition Eo Eq
GexSersBis 154 36.47
GexnSerBis 3.45 8.52
GeySersBig 3.64 4.62
Ge,Se/Biig 4.62 4.25
Ge,pSessBitn 5.17 4.19

On the other hand, an important achievement of the WDD modd is that it reates the
dispersion energy Eq4 to other physical parameters of the materia through the following empirical
relationship.

Es = BNcZaNe (8)

where N, is the effective No. of valence dectrons per anion, N. is the effective coordination No. of
the cation nearest neighbour to the anion, Z, is the forma chemica valency of the anion, 3 isatwo
valued constant with ether an ionic or a constant vaue (i = 0.26 + 003 eV and
Bc = 0.37 + 0.04 eV) [26]. It is observed that the variation in the transition strength Ey results
primarily from changes in the average nearest ne ghbour coordination number. It is proposed that the
layer — layer and chain-chain bonding, increase the effective coordination number. The primary
optica effect is a reduction in the oscillator strength of the lone-pair to conduction band transitions
causing a corresponding decrease in Eg. It is observed here that the increase in Bi content increases
the coordination number and decresses the energy gap E, According to the WDD modd the
refractive index becomes dependent on the dispersion energy Ey as the photon energy approaches
zero. In this case Ey is mainly affected by the nearest ne ghbours, i.e. by the short range order and
remains unaffected by medium range order. At waveengths in near infrared region (toward
A =820 nm) the short range order is dominant and therefore, no feature related to the medium range
order is devd oped in the compositional dependence of n [27]. Shifting to shorter wave engths the
medium range order in the glasses becomes a decisive factor, which can affect the shape of
refractive index n and the dependence of extinction coefficient on <rg;>.

4. Conclusions

The optica gap refl ects the separation of the top of thefilled lone pair p-states of the valence
band from the bottom of the antibonding states in the conduction band. It is, therefore, interesting to
relate the optica band gap with the chemical bond energy. For this purpose we used two parameters
that specify the bonding, the average heat of atomization and the average coordination number.
Foll owi ng conclusions were drawn from the present anad ysis:

* Theoptical band gap was found to decrease with theincreasing Bi content.

e The average coordination number r, increases with increase of Bi content which gives an
indication that the number of constraints increases, hence the value of optical band gap will
strongly depend on Hs

«  Thedensity of Ge,Ses.«Bix Systemis higher than that of GexySesp and increases with increasein
x thus leading to the densification of the system.

»  Ey, defined as photon energy at which optical absorption coeffiecient has a value of 10* cm* is
found to decrease withincreasein x and increasein the value of Tg.

* Theincrease of Bi content |eads to decresse of E4 and Hy/r. The average hest of atomization Hs
which is a measure of the cohesive energy and represents the rel ative bond strength. Considering
alinear dependence between the bond strength and the average band gap, we conclude that the
Bi addition to the Gey,Sesp causes a decrease in the average bond strength thereby reducing the
optical band gap.



Theoretica investigation of the optical properties of Ge,oSeg.xBix thin films 2969

It is observed that the variation in the transition strength Ey results from the change in the
average nearest neighbour coordination number. The layer-layer and chain-chain bonding increase
the effective coordination number r. The primary optical effect is the reduction in the oscillator
strength of the lone-pair to conduction band transitions causing the decrease in Ey. Thus theincrease
in Bi content leadsto theincreasein r and decreasein E4 [28].
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