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Abstract

Optical constants (refractive index and extinction coefficient) have been studied for
a-(SesoTexn) 100-xGey (x = 0, 2, 4, 6) thin films using transmission spectra in the wavelength
range 500-2500 nm. It is observed from optical transmission measurements that the optical
energy gap (E,) increases while the refractive index (n) and the extinction coefficient (k)
decrease with the incorporation of Ge in the Se—Te system. The increase in the optical energy
gap is interpreted by correlating the optical energy gap with the decrease in electronegativity
and increase in the heat of atomization (H;). The dispersion of the refractive index is discussed

in terms of the single-oscillator Wemple—DiDomenico model.

1. Introduction

Chalcogenide glasses have attracted a great deal of attention
because of their technical importance in various solid-state
devices. These glasses are of tremendous interest because
of their wide range of transparency in the far infrared
region. Chalcogenide semiconducting alloys have found
application not only due to their electrical and thermal
properties but also due to their optical properties. Among
the amorphous chalcogenide alloys, mostly selenium-based
materials are preferred because of its unique property of
reversible transformation, which makes these glasses useful
as optical memory devices [1,2]. Their various device
applications like rectifiers, photocells, vidicon, xerography,
switching and memory, etc. have made them attractive. Se
is an excellent glass former, but pure Se has disadvantages
such as short lifetime and low sensitivity. So certain additives
are used to improve these properties. It has been found that
substitution of Te by Se in Se-Te glasses breaks up the Seg ring
structure and slightly increases the chain fraction but reduces
the chain length [3]. Se and Te have the function of forming
the network of the glass. Se-Te glassy alloys have gained
much importance among chalcogenide glasses because of their
high photosensitivity, greater hardness, high crystallization
temperature and smaller ageing effect as compared with pure
a-Se [4] and usefulness in practical applications [5].
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The properties of chalcogenide semiconductors are
usually affected by the addition of a third element. The addition
of a third element creates compositional and configurational
disorder in the material with respect to the binary alloys.
Here we choose Ge as an additive to the Se—Te binary alloy
because it produces stability and does change the optical
properties of chalcogenide glassy semiconductors [6]. Ge also
serves to increase the chemical and thermal durability of the
glass. Ge-doped glasses have become an attractive material for
fundamental research of their structure and properties [7—12].
A few data concerning the optical properties of Ge-additive in
Se-Te alloys are available in the literature [6].

The optical energy gap (E,), the refractive index (n)
and the extinction coefficient (k) are the most significant
parameters in amorphous semiconducting thin films. The
optical behaviour of a material is utilized to determine its
optical constant. Films are ideal specimens for reflectance
and transmittance type measurements. Therefore, an accurate
measurement of the optical constants is extremely important.
The present paper aims to investigate the effect of Ge
additive on the optical constants of thermally evaporated
(SegoTern) 100—xGe, thin films held at room temperature.
Optical constants such as the refractive index, extinction
coefficient and absorption coefficient («) are calculated by
the well-known Swanepoel method [13], using a transmission
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spectrum in the UV-Vis—NIR region.  Analysis of the
absorption coefficient was also carried out to determine E,
and the nature of transitions. Also, by using the values of n,
k and «, the real (&;) and imaginary (¢;) parts of the dielectric
constant and optical conductivity (o) are calculated.

2. Experimental details

Glassy alloys of (SegoTez)100—xGex (x = 0, 2, 4, 6) were
prepared by the melt quenching technique. The sample
under investigation was prepared from highly pure Se, Te
and Ge (99.999%) elements. The constituents were weighed
according to their atomic percentage and sealed in a quartz
ampoule in vacuum of ~10~> mbar. The ampoules containing
the material are heated to 1000°C and held at the highest
temperature for 12h. The ampoules were frequently rocked
during heating to make the melt homogeneous. The quenching
was done in ice-water. Quenched samples were obtained by
breaking the quartz ampoules. The amorphous nature of these
alloys was verified by x-ray diffraction (X-Pert PRO) as no
prominent peak was observed in the spectra.

Thin film samples were deposited by the vacuum
evaporation technique (Hindivac 12A4D Model) onto
thoroughly cleaned microscope glass substrates. A vacuum of
the order of 10> mbar was maintained during the evaporation
process. The films were kept inside the deposition chamber
for 24h to achieve a metastable equilibrium. The normal
incidence transmission spectra (figure 1) in the transmission
range 500-2500 nm of (SesgTexo)100-xGer (x = 0, 2, 4, 6)
thin films were obtained by UV-Vis—NIR spectrophotometer
(Perkin Elmer Lamda-750). All the measurements were
performed at room temperature (300 K).

3. Results

3.1. Refractive index, film thickness, extinction coefficient
and absorption coefficient

The optical behaviour of a material is generally utilized
to determine its optical constants n and k. Films are
ideal specimens for reflectance and transmittance type of
measurements. The optical constants were calculated using
Swanepoel’s method. This method has been used in glassy
materials by various workers [14-16].

According to Swanepoel’s method, which is based on the
idea of Manifacier [17], the envelope through the interference
maxima and minima is drawn in the spectrum. The value of
the refractive index of film in the spectral region of medium
and weak absorption can be calculated by the expression

n =[N+ (N*—sH)l/212 1)

where )
v — T, sc+1
N =252 =4 ,
TmTm 2
where Ty and T, are the transmission maximum and the
corresponding minimum at a certain wavelength A. The basic

equation for interference fringes is given by

@

2nd = myh. 3)

1.0
0.8 AA /
1¥1 7 Af
SEYIN
] 11
PERE
1&7 1 {
c 0.6 Y
2 Wyl
K2 ) 3‘
g | T Y“A
< g ¢
© 1 i
= i
044 ] f
f;h'. ; — Se, Te
1 ' V 80 20
A f f —*—(Sey Te, ), Ge,
7 — v (SeyTe, ), Ge,
0.2 —+— (Sey Te,),,Ge,
§
0.0 T T T
500 1000 1500 2000 2500

Wavelength (nm)

Figure 1. Transmission spectra of (SegoTeao)100—r Geyx
(x =0,2,4,6) thin films.

Using this equation, the accuracy of the refractive index can
be improved after calculating the thickness d. m, is an integer
for maxima and a half integer for minima in the transmission
spectra. If n and n, are the refractive indices of two adjacent
maxima and minima at wavelengths A; and A, then the
thickness of the film is given by the expression

AAg

- M2 4
2(Ainy — Aony) @

The average value, Jl , of d; can be used with n; to determine
m, for the different maxima and minima using equation (3).
By taking the exact integer or half integer values of m,, the
accuracy of the film thickness can be increased significantly
and d,, a new thickness (table 1), can be derived from
equation (3) by using the values of n. Further using the accurate
values of m, and 672, in equation (3), the final values of the
refractive index n, are obtained. Now, n, can be fitted to the
Cauchy dispersion relationship [18], n, = (a + b/A?), which
can then be used for extrapolation of the values of the refractive
index to the shorter wavelength region.

The extinction coefficient (k) has been calculated using

the relation
al
k= ()

=

where « is the absorption coefficient [13] and is given by

1l 1
= — In — s
¢ d X

where x is the absorbance and is calculated using [13].
The variations of the refractive index and the extinction
coefficient with the wavelength are shown in figures 2 and 3.

(6)
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Table 1. Values of thickness (d,), refractive index (1), extinction
coefficient (k) , real part (&,), imaginary part (g;) of dielectric
constant and optical conductivity (o) are given at 800 nm for
(Seg()Tezo)l()o_XGex (x = 0, 2, 4, 6) thin films.

d»
(nm) n k & &

729  3.370 0.0660
731 3.243  0.02045
722 3.043 0.0183
708 2946 0.0179

=

o (s7hH

8.34 x 1013
2.49 x 108
2.08 x 1083
1.98 x 1013

11.355
10.517
9.2571
8.6785

0.445
0.133
0.111
0.106
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Refractive index
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Figure 2. Plot of refractive index versus wavelength for

(SegoTern) 100-.Gey (x = 0, 2, 4, 6) thin film (values of n calculated
at each extreme are represented as solid dots and in terms of
Cauchy’s fitting are shown as a line).

3.2. Dispersion energy, oscillator strength and static
refractive index using Wemple—DiDomenico model

The data on dispersion of refractive index n(A) have been
calculated using the single-effective-oscillator model proposed
by Wemple and DiDomenico (WDD) [19]. They found that
all the data can be described to an excellent approximation by
the following expression:

Ed Eo

2
L
" E2 — (hv)?

(N
where E, is the energy of the effective dispersion oscillator
and Eg4 is the so-called dispersion energy, and it measures the
average strength of interband optical transitions. E, and Eq4
values can be calculated from the slope and the intercept on the
vertical axis of the plot of 1/(n?> — 1) versus (hv)? (figure 4).
Table 2 collects the values of the dispersion parameters, the
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Figure 3. Plot of extinction coefficient versus wavelength for
(SegoTer0) 100—x Ge, thin films.
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Figure 4. Plot of refractive index factor (n> — 1)~! versus (hv)? for
(SegoTezn) 100 Ge, thin films.

static refractive index (n,) and the high frequency dielectric
constant g, = (11,)2. The static refractive index is calculated

from the relation
2 Eq
n=(1+%) 8)

The values of the static refractive index are obtained by
extrapolating equation (7) as (hv) — 0.
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Table 2. Values of heat of atomization (H), oscillator energy (E,),

dispersion energy (Eq), static refractive index (n,), high frequency

dielectric constant (¢.), optical energy gap (E;) and

electronegativity () for (SegoTez)100—.Ge, (x = 0, 2, 4, 6) thin

films.

H

(kcalg™' E, E4 E,
x atom™) (V) (V) n, €00 evV) x
0 48.72 3.02 31.13 3363 11308 141 246
2 495 3.17 3023 3247 10543 1.51 245
4 503 322  28.66 3.147 9.901 1.56 244
6 51.19 3.68 2759 2091 8.497 1.61 243

Furthermore, there is a simple empirical relationship by
WDD which relates the dispersion energy Eg4 to the other
physical parameters of the material, Eq = BN.Z,N., where N,
is the effective co-ordination number, Z,, is the formal chemical
valency of the anion, N, is the effective number of valence
electron per anion and B is a constant (8 = 0.26 & 0.03eV
for ionic material and 8 = 0.37 £ 0.04 ¢V for covalent and
amorphous material).

3.3. Optical energy gap, optical conductivity and dielectric
properties

The optical absorption spectrum is the most productive tool
for developing the energy band diagram. The absorption
coefficient of an amorphous semiconductor in the high
absorption region (o > 10* cm™') can be calculated by using
Tauc’s relation [20]

ahv = B(hv — Eg)", )
where B is a constant, E, is the optical energy gap of
the material and m determines the type of transition (m =
1/2 for the direct transition and m = 2 for the indirect
allowed transition). Figure 5 plots (ahv)?> versus (hv). The
values of the optical energy gap (E;) obtained for indirect
allowed transition for (SegyTez) 100 Ge, thin films by making
(ehv)? — 0 are given in table 2.

The complex dielectric constant is a fundamental intrinsic
material property. The real (&;) and imaginary (g;) parts of the
dielectric constant of thin films were also calculated by using
the value of n and k in the following relations [21]:

2

& =n>—k* (10)

& = 2nk. (11)

It is evident from table 1 that the values of &, and &; decrease
on incorporating Ge into the Se-Te system. The optical
conductivity is determined using the relation [22]

anc

= 12
“ 4 (12)

where c is the velocity of light. The values of n, k and o are
given in table 1.
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Figure 5. Plot of (ahv)® versus (hv) for (SegoTeso) 00— Ge, thin
films.

4. Discussion

From figures 2 and 3, it is clear that both the refractive index
and the extinction coefficient decrease with an increase in the
wavelength for films under investigation. The decrease in the
refractive index and the extinction coefficient with the increase
in wavelength may be correlated with the increase in the
transmittance and decrease in the absorption coefficient. The
decrease in the value of the refractive index with wavelength
shows the normal dispersion behaviour of the material.
Dispersion of the refractive index, in terms of the WDD model,
throws valuable light on the structure of the material, through
the value of E4, the oscillator strength. Table 2 shows a
smooth decrease in E4 with increasing Ge content. The single-
oscillator energy, E,, is considered an average energy gap.
E, is therefore related to the average molar bond energy of
the different bonds present in the material. Thus, the increase
observed in E, (table 2) is due to larger bond energy of the Ge—
Se bonds (2.12eV), in comparison with that of Se—Te bonds
(1.76 eV) and Se—Se bonds (1.91 eV) [23]. The decrease in the
extinction coefficient with an increase in the wavelength shows
that the fraction of light lost due to scattering and absorbance
decreases. The variation of both ¢, and ¢; dielectric constants
with wavelength follows the same trend as that of n and k.
From table 2 it is revealed that with increasing Ge content the
optical gap increases. The value of E for the SegoTez system
is found to be 1.41eV, which is almost comparable to the
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values obtained by other researchers for the same composition
[24,25]. Theincrease in E,; with the increase in Ge content can
also be related to the calculated values of the average heat of
atomization Hg [26]. The average heat of atomization for the
compound A,BgC, is a direct measure of the cohesive energy
and thus of the average bond strength, and is defined as

_ (@H!+BHP +y HE)
- a+p+y '

Hy (13)

The heat of atomization for Ge, Se and Te elements are 90, 49.4
and 46 Kcal g~ ! atom ™! [23]. The calculated values of H; for
the investigated material are listed in table 2. The obtained
data show that Hj increases with increasing Ge content, i.e.
average bond strength of the compound increases. A similar
behaviour has been obtained by Fayek et al [6] for the Se—Te—
Ge system. The increase in the optical energy gap could also
be explained on the basis of electronegativity. Pauling [27]
defines the electronegativity of an atom as the power to attract
an electron to itself in a molecule. When the two atoms which
differ in their electronegativity value combine to form an alloy,
the element of higher electronegativity attracts an electron
pair more towards itself and behaves as an anion whereas
the other element behaves as a cation. Using Sanderson’s
principle [28] of equalization of electronegativity, x between
Se-Te and Se-Te—Ge alloys has been calculated for different
elements. The calculated values are given in table 2. When
the electronegativity difference is large, it is expected that the
probability of defects formation will be more. It has been
observed that y decreases with increasing Ge content. The
correlation of the electron affinity with the optical energy
gap [29] was considered by various workers. According
to Mulliken [30], the electronegativity is the average of the
ionization potential and the electron affinity. It is difficult
to assign an electron affinity value for a semiconducting
alloy, e.g. (SegoTez)100-+Gex system. Thus, it will be
appropriate to correlate the electronegativity with the optical
energy gap. In the present system, we observe that the optical
energy gap increases with decreasing electronegativity of a
sample.

5. Conclusion

The optical transmission spectra of a-(SegpTerq)100—xGex
(x = 0, 2, 4, 6) thin films have been measured in the
wavelength range 500-2500 nm by a spectrophotometer. The
optical absorption measurements on a-(SegoTesq)100—xGex
films indicate that the absorption mechanism is due to indirect
transition. The increase in the optical energy gap with the
incorporation of Ge in the Se-Te alloy has been explained
on the basis of heat of atomization and electronegativity. The
refractive index and extinction coefficient are found to decrease
while the real and imaginary parts of the dielectric constants

and optical conductivity increase with an increase in photon
energy.
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