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Abstract. Amorphous Seg.6sGeo.24 Ago.os films were prepared by the known thermal evaporation method.
X-ray diffraction (XRD) and energy dispersive X-ray (EDX) analysis were used to identify the structure
of the prepared samples. Transmittance T'()\) was measured at room temperature in the wave length range
(400-2500 nm) for the investigated films of different thicknesses in range (221.2-815.2nm). Swanepoel’s
method was used to calculate the index of refraction n and absorption k. The allowed transitions in the
studied composition are indirect. Values of optical band gap E;pt were determined using two different
methods. The obtained values of EgP* are equal 1.90 and 1.91 €V, also the value of Urbach energy E. equal
0.50 £ 0.01 eV. Dispersion of refractive index n is analyzed using a single-oscillator model. The optical
high frequency dielectric constant e, and the optical dispersion parameters (F, and Eq) were calculated
by analyzing the obtained values of n. The obtained values of E,, E4 and the average value of e, are
found to be 5.36eV, 18.86eV and 4.60, respectively. The ratio N/m™ for the investigated composition is
3.87 x 10%° m~3. The dependence of real £, and imaginary e, parts of dielectric constant, relaxation time
7 and the optical conductivity oopt on photon energy hv was also studied for Seg.6sGeo.24Ago.0s films. The

obtained results showed that €1, €2, 7 and oopt increased with photon energy.

1 Introduction

Recently, chalcogenide glasses attracted the attention
of scientists in various fields of science and engineer-
ing. Solid-state physicists and chemists, in addition to
electronic engineers, are interested in their potential
applications in different devices. Nowadays, glasses of
chalcogenide are widely used in several optoelectronic
applications such as infrared optical fibers, microsens-
ing, signal processing, photonic circuits, switching and
memory devices, photolithography, in the manufacture of
cheap solar cells and as reversible phase change optical
recorders [1-6]. The structural and optical properties of
different chalcogenide glasses have been studied [7-12] and
also, chalcogenides containing Ag had been investigated
by several workers [13-19]. Chalcogenide glasses contain-
ing Ag have many applications in information storage,
optical imaging and photolithography [20]. Also, they are
very important materials for guided wave devices in inte-
grated optics because they have good transparency in the
infrared region [21]. The addition of Ag to chalcogenides
is expected to create both composition and configuration
disorder in the material [22]. Silver addition to glassy
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materials leads to a change in their physical and chem-
ical properties. Addition of Ag to As—Se alloys are used
as super ionic conducting glasses. Ag-rich glasses such as
Ag—As(Ge)-S exhibit a photo induced segregation of fine
Ag particles [23,24]. Ag-based chalcogenides are used in
rewritable disks and erasable phase change optical record-
ing devices [25,26], they are preferred because of their ionic
nature. Ag™ ions play an important role in the electrical
conduction [27,28].

Many authors studied the effect of Ag as an additive
to different chalcogenide glasses. For example a signifi-
cant decrease of the activation energy and increase in the
band tailing is observed as a consequence of silver addi-
tion to Ge-Se-Sb system [14]. Zeidler et al. studied the
X-ray diffraction (XRD) for Ag-Ge-Se and the results
are consistent with the presence of GeSed tetrahedra for
all of the glass compositions and indicate a breakage of
Se—Se homopolar bonds as silver is added to the Se-rich
base glass [15]. Mohamed et al. studied the thermal sta-
bility of As—Se—Ag [16]. Kumar et al. reports the effect of
Ag addition to Se—Sb glassy system [18]. They concluded
that the silver doped alloys may be used for optoelectronic
applications.

Due to the lack of long-range order (LRO), these glasses
are characterized by the presence of various inherent
defects and localized states in the gap. Studying electron
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transport and gap states for amorphous semiconductors
has a great interest due to their effect on the electrical
properties [29,30].

This work aims to study the structural identification
and the optical properties of Seg.gsGeg.24Agy.0g chalco-
genide glass in thin film form. The value of the optical
band gap E°P' and the type of optical transitions are
deduced. Values of the refractive index n are analyzed
to obtain the optical dispersion parameters F,, F; and
the optical high frequency dielectric constant £,. Finally
the dependence of dielectric constant €1, dielectric loss es,
loss tangent tand, relaxation time 7 and the optical con-
ductivity oopt on photon energy hv were carried out for
Seo.68Geo.24Ago.08 films.

2 Experimental procedures

Bulk glasses of Seq.gsGeg.24Ago.0s were synthesized using
the melt-quenching method, from high purity (99.999%)
Se, Ge and Ag elements. Components of the composition
were weighed according to their atomic percentage and
packed in evacuated (1075 Torr) tubes of silica. These
tubes were heated gradually in an oscillatory furnace up
to 1273 K. They were held at this degree of temperature
for 20h. The molten material is then quenched in ice-
cooled water to get amorphous sample. Thin films of the
studied material were obtained from the bulk sample by
the method of thermal evaporation on glass substrates
under vacuum, using a coating unit (Edward E306A).
The thickness of the thin film samples is measured by
Tolansky’s method [31].

Amorphicity of the studied samples in forms of powder
and thin film were assured using XRD technique using
X-ray diffractometer (PANalytical philips X’Pert PROD-
IFFRACTOMETER). Chemical composition of the stud-
ied samples was determined by energy dispersive X-ray
analysis (EDX) using (JOEL 5400 scanning electron
microscope. Spectral distribution of transmittance T'(\)
of Seg.esGeg.oaAgo.os films at different thicknesses in the
range (221.2-815.2nm), was studied using unpolarized
light at normal incidence by means of a double beam spec-
trophotometer (Type JASCO V-670) in the wavelength
range (400-2500nm) at room temperature (303 K). The
experimental error in measuring the thickness of the film
is £2% and in T'(\) is £2%.

3 Results and discussion

3.1 Structural characterization

XRD was used to get information about the structure
of Seg.sGeg.24Ago.os, in thin film and powder forms.
Figure 1 shows the XRD pattern of Seg gsGeg.24Ag0.08 in
thin film and powder forms. The presence of only broad
humps and without any sharp peaks is considered as
an evidence for the amorphous structure of the investi-
gated samples. The homogeneity of both bulk and thin
film samples was checked by the determination of the
elemental composition at random zones on the specimen
surface, using the EDX analysis. The percentages of the
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Fig. 1. X-ray diffraction (XRD) pattern of Sep.6sGeo.24Ag0.08
in powder form and thin film form of thickness 543.3nm as
example.

Table 1. The EDX data of 860.68G60'24Ag0.08 films.

Se (at %) Ge (at %) Ag (at %)
68.21 24.22 7.57

Composition

Seo.68Geo.24Ago.08

constitutive elements are listed in Table 1. These percent-
ages are found to be close to the prepared composition.

3.2 Optical properties of Seg g3Geg.24Ag0.0s thin film

3.2.1 The spectral distributions of T'(\), (n), (k) and the
absorption coefficient («)

Figure 2 shows the spectral distribution curves of T(\)
for Seg.gsGeg.24Ag.os films of different thicknesses in the
range (221.2-815.2nm). Values of refractive index n and
the absorption index k for Seg.gsGeg.o4Agg.os of different
thicknesses were calculated from the measured T'(\) using
Swanepoel’s method [32]. The error in the method used to
calculate the values n and k is about +1.0%. The values
obtained for n and k are thickness independent. The spec-
tral distribution of the average values of n and k for all
thicknesses is shown in Figures 3 and 4, respectively. The
decrease of n with increasing wave length () indicates
the normal dispersion behavior and it is also considered
an indicator of the presence of several interactions between
the electrons and the incident photons in the studied com-
position. From the obtained values of k we can calculate
the absorption coefficient « from the relation o = 4wk/\.
Figure 5 illustrates the plot of loga versus photon energy
hv for Seg.¢sGeg.24Ago.os films. The curve in this figure
could be divided into two regions [33,34]:

(i) Region one: for values of a > 10* cm™!. This is in
line with the transitions between extended states in both
conduction and valence bands, where the law of Tauc is
valid [33,34]:

ahv =A (hv — E;pt)r, (1)
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Fig. 2. Spectral distribution of transmission T'(\) for

Seo.68Geo.24Ago.os of different thicknesses.
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Fig. 3. The dependence of the average values of refractive
index n on \ for Sep.ssGeo.24Ago.os films.

where A is a constant expressing the quality of the film,
r is a number representing the type of the transition
and E;’Flt) is the optical energy gap. The parameter r
has the value 2 for indirect transition and 0.5 for direct
transition. In order to determine the value of E;’?lt), a

graph of (ahv)'/" versus hv is plotted. The relations

(ahu)l/2 and (ahv)® versus hv are plotted in Figure 6 for

Sen.68Geg.24Ago.og films. This figure shows that, the rela-

tion (ahv)? = f(hv) is linear, which indicates that the

allowed transitions are indirect. Extrapolating the linear
1

part of the relation (ahv)? = f(hv) to the hv axis gives

E;?lt) and the value of constant A can be calculated from
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Fig. 4. The dependence of the average values of the absorption
index k on X for Seg.ssGeo.24Ago.0s films.
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Fig. 5. Plots of loga as a function of photon energy hv for
Seo.68 Geo.24Ago.08 films.

the slope of this linear part. The obtained values of E;flt)
and A are given in Table 2, and it is found to be in good
agreement with that obtained before by Abd-Elrahman
et al. [13].

The value of E;?Qt) could be obtained also by the relation

between hv /g3 versus hv near the absorption edge (where
€9 = 2nk is the imaginary part of dielectric constant), as
shown in Figure 7. The linear part of the curve can follow
the equation [34]:

hvy/es =~ (hv — E;F;)). (2)
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Table 2. Optical constants and the parameters F,, E; of Seq gsGeg.o4Agg.os films.

Et eV A, E., ESt,eV E,, Eq,
From equation (1) cm™'eV™! eV From equation (2) eV eV
1.90 + 0.02 2.54 x 10>  0.50 £ 0.01 1.91 £ 0.02 5.36 £ 0.05 18.86 + 0.05
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Fig. 6. Dependence of (ahv)'/? and (ahv)? on the photon
energy hv for SeoA6gGeoA24Ag0A08 films.

The obtained linear line represents the indirect optical
transitions [34]. Extrapolation of the linear part gives

E;’g) for the investigated composition (given also in

Tab. 2). The value of E;?Qt) calculated from Figure 7 corre-

sponds well with the value of E;Flt) calculated above from
Figure 6.

(ii)Region two: for values of, a < 10* cm ™!, the absorption
usually obeys the Urbach rule [35] i.e.,
a(v) = agexp (hv/E,), (3)
where aq is a constant and F. is the energy Urbach tail,
which represents the degree of disorder in non-crystalline
materials [36]. The value of E. is estimated from the slope
of the linear part of the relation between loga and hv, as
shown in Figure 5, and given in Table 2. In this region, the
absorption is due to transitions between localized states

in the exponential tail in one band and extended states of
the other band [37].

3.2.2 Dispersion energy parameters E, and Ej

To determine the single-oscillator FE, and dispersion
energy FEy (dispersion energy parameters), we can
use a single oscillator characterization for frequency-
dependent dielectric constant as proposed by Wemple and
DiDomenico [38,39]. The relation between n and the single

Fig. 7. Dependence of hl/(82)1/2 on the photon energy hv for
Seo.68Geo.24Ago.0s films.

oscillator constants (E, and Ey) is given by [39,40]:

(B2~ ()]

2_ 1)1 —
(n”=1) 5 E,

(4)

Figure 8 shows the plot of (n® — 1) ' versus (hv)? for
the examined composition films. It represents a straight
line, its slope of (EqE,;)~! and an intercept with y-axis
of (Eo/Ey). The calculated values of E, and E4 are
listed in Table 2. The obtained curve indicates a deviation
from linearity to positive curvature at the short and long
wavelengths. This deviation from linearity at the shorter
wavelengths may be attributed to the excitonic absorption
and at the longer wavelengths may be due to the negative
contribution of the lattice vibrations on index of refrac-
tion n [38,39]. Based on the single-oscillator model, the
parameters F, and F,; are related to the imaginary part
of dielectric constant e2(w) and the moments M_; and
M_3 of the e2(E) optical spectrum by [39,40]:

o M,

E — 2 Mil
0 M_3

()
The rth moment M, of the e5(F) spectrum is given by:

2 o0
M, = = / E"ey (E) dE,
™ JE,

(6)

where ' = hv and E; is the absorption threshold
energy. Refractive n and absorption k indices are related
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Fig. 8. A plot of (n? — 1)7' against (hv)?® for

Seo.68Geo.24Ago.os films.

to the imaginary part of complex dielectric constant
g(w) = €1 (w)+ iez(w), where &1 (w) is the real part of
dielectric constant and w is the frequency of photon. All
information about the electronic excitation spectrum of
the material is contained in e1(w) or e3(w), since €1 (w) is
related to ez(w) by the relation of Kramers-Kroning [39].

Equation (5) shows that, F, is independent of the scale
of eo2(w) (the numerator and denominators are of the
same power) and is consequently an average energy gap,
whereas F; depends on the scale of £3(w), and there-
fore serves as an interband strength parameter. Since the
moments M_; and M_3 are included in the calculation of
E, and Ej; values, the £2(w) spectrum is highly weighted
near the interband absorption threshold. In addition, the
oscillator energy F, is corresponds to the energy difference
between the centers of gravity of the V.B. and C.B. [40].
This value differs from the optical gap E;’pt that detects
the optical properties near the band edges of the mate-
rial. Thus, E, is associated with the average molar bond
energy of the various bonds in the material. By using the
obtained values of E, and E; we can calculate M_; and
M_3 from equation (5) for SegsGep.oaAgoos films and
found to equal 3.52 and 0.123 eV~2, respectively.

3.2.3 Determination of the high frequency dielectric
constant €

In the transparent region (k = 0), the values of n can be
used to get the value of €5, by two methods [41]. The first
one distinguishes the lattice vibrational modes and the
free carriers contribution. The second method is depend-
ing on the dispersion resulting from the carriers bound in
an empty lattice. These two methods are used to calculate
the value of e (€00(1) and e4g(2)) as follows:

(i) The first method
The real part of dielectric constant £; (g7 = n?) is given
by [41]:

e2N 9
€1 = Coott) < W) o @)
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Fig. 9. A plot of &1 as a function of \? for Seo.68Geo.24Ago.os
films.

where N is the concentration of free charge-carriers, e
the charge of electron, m* the effective mass of the elec-
tron, ¢, the free space permittivity and ¢ the velocity
of light. By plotting the relation between £, and \? for
Sep.68Geg.aaAgo.0s as shown in Figure 9, we can calculate
(N/m*) and €1y from the slope and intersection of the
linear part of this curve. These values are given in Table 3.

(ii) The second method

The dispersion of n can be also analyzed to calculate £,
by the model of single oscillator [38,39]. The linear relation

-1
between (n2 —1) ~ and A2 shown in Figure 10 suggested
that n of the investigated composition follows Sellmeier’s
dispersion equation [41]:

(n2 _ 1)71 _ [1 B (ﬁ;/l)‘))z ]7 (8)

(n3,
(ngo - 1) = S /\g, (9)

where n is the refractive index at infinite wavelength, Ao
and S, are the average oscillator wavelength and strength,
respectively. Values of nZ, (£x(2)) and A can be calcu-
lated from extrapolating of the obtained line to the y-axis
and the slope of the linear part of Figure 10, respectively.
The obtained values of £,(2), Ag and S, (calculated from
Eq. (9)) are listed in Table 3. The values of .1y and
€o0(2) Obtained by the two methods are in agreement with
each other. Although there is a difference in the two meth-
ods used to calculate €, this agreement is due to the fact
that the lattice-vibrations and the frequencies of plasma
wp are separated from the frequency of the absorption
band-edge.
According to the theory of Penn’s [42]:

n® =1+ (hwp/EJ")?, (10)
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Table 3. The parameters €.(1), €oo(2), N/m*, So, Ao and w,, for Seg gsGep.24Ag0.0s films.

€oo(1) N/m*, €00(2) SO? AO, Wp,
From equation (6) m™3 From equation (8) m~ nm m~
4.68 £ 0.04 3.87 x 10°° 4.52 £ 0.04 7.14 x 10" 222.0+£ 0.8 1.56 x 10'*
0.3 T 1
- odielectric constant ol
[ [ 2dielectric loss o°
5 oO
0.28 | ) ° s qo0s
[ : o°
L c)oo A
- w56 F J
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Fig. 11. Plots of 1 and e2 as a function of hr for
Fig. 10. A plot of (n® —1)™" as a function of A™2 for Seo.csGeo.2aAgo.0s films.

Seo.68 Geo.24 Ago.os amorphous films.

where wy, is the frequency of plasma, which is defined as
the resonance frequency of the free oscillations of electrons
around their equilibrium positions, and given by:

e2 N
= — . 11
E0Ec0 M* ( )

“
Using the value of N/m* given in Table 3, w,, is calculated
from equation (11) and is given also in the same table.

3.2.4 The complex dielectric constant near the absorption
edge

The real £; part and imaginary (dielectric loss) 2 parts
of dielectric constant were determined from the following
equations [41,43]:

&1 =n2—k2,

(12)

and

oo W2
_ _ oo Wp 3
gg = 2nk = (8772037' A% (13)

where 7 is the dielectric relaxation time. The values of g7
and €5 can be calculated for the studied composition as
they are related to the density of states in the forbidden
energy gap [43]. Variation of £; and e3 with hv is shown
in Figure 11 for Seq.sGeg.oaAgo.os films. It is clear that
both €; and ey increase with hr. The property that is

7 x 1014, sec

_2.2 L 'l L L 1 1
13 15 17 19 21 23 25
hv,eV

Fig. 12. Dependence of the dielectric relaxation time 7 on
the photon energy hv for Seg.6sGeo.24 Ago.os films.

closely related to the conductivity of a solid is a dielectric
relaxation time 7, it can be calculated by the equation
[44.,45]:

Ex — €1
e 14
o (14)

where w is the angular frequency. Figure 12 represents the
variation of 7 versus hv for Seg gsGeg.24Ago.og thin films.
This figure shows that, 7 is enhanced with increasing hv.
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photon energy hv for Sep.6sGeo.24Ago.os films.

3.2.5 Calculating the loss tangent (tand) and optical
conductivity (oopt)

The factor of dissipation (loss tangent) tand can be
evaluated by [46]:

€2
tand = —.
€1

(15)
The variation of tand with hv for the investigated compo-
sition is shown in Figure 13. It is obvious from this figure
that, tand increases with frequency.

Optical conductivity oopy can be calculated from the
absorption coefficient « as follows [47]:

(16)

Oopt = A

Figure 14 illustrates the variation of optical conductiv-
ity oopt with hv. It is clear that, o,p¢ increases with hv. At
high photon energies, the increase of o,p¢ can be explained
by the high absorption of SeggsGeg.o4Agp.os films and
also, the excitation of electrons by increasing the energy
of photon hv [48].

From all the above obtained results in the present study
and previously obtained for Se—Ge [45], we can see that,
by adding Ag to Se-Ge the values of E;’pt decrease, while
FE. and £, increase. This can be interpreted as follows: the
structure of Ge-Se (binary glass) has a short-range order
(SRO) tetrahedral where the atom of Ge surrounded by 4
selenium atoms [49,50]. Adding Ag atoms to Se-Ge inter-
acts primarily with Se and breaks the covalent network
to leave Ge-Sey/o tetrahedral structure [51]. It is also
assumed that Ag atoms act to disassemble the Ge-Se
structure during the formation of Ag—Se ion bonds [52],
so the observed decrease in Egpt with Ag addition is
explained by the decrease in bond energy between Se and
Ag, where the bond energy for Se-Ge and Se-Ag are 5.08
and 3.53 eV, respectively [53,54]. Moreover, the values of
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Fig. 14. Dependence of optical conductivity oopt on the
photon energy hv for Sep.6sGeo.24Ago.0s films.

the dielectric constant are directly related to the density
of states within the forbidden gap [43]. So, the obtained
increase of dielectric constant by adding Ag to Se-Ge can
be explained by the corresponding increase of the value of
the width of the tail of localized states E, in the band-gap
(from 0.4537 to 0.496eV) and the value of N/m* (from
3.68 x 10°4 to 3.87 x 10°° m~2) and therefore decrease in
optical band gap EP* (from 2.02 to 1.9eV).

4 Conclusion

Amorphous films of Seg gsGeg.24Ago.0s were prepared by
thermal evaporation method with different thicknesses
in the range (221.2-815.2nm). XRD pattern confirms
the amorphicity of the investigated films. The optical
constants n and k were calculated from the spectral
distribution of T'(\) for the studied composition of differ-
ent thicknesses using Swanepoel’s method. The method
proposed by Swanepoel’s was applied to the studied
films and is valid with high accuracy for calculating the
optical constants of Sep gsGeg.24Ago.os thin films. The
obtained values of n and k are found to be thickness
independent. The analysis of the absorption coefficient
« according to Tauc’s model gives the optical energy gap

EZFB:LQOZ eV. The obtained results showed that the

allowed transitions in the investigated samples are indi-
rect. Dispersion parameters F,, F; and the high frequency
and €,,(1) were also obtained and found to be 5.356 ¢V,
18.86 eV and 4.68, respectively.
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