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This article is dedicated to studying optical characteristics of thermally evaporated Pb;(Segp.xGex (0.0 < x < 10.0
at.%) thin films. These films were deposited on pre-cleaned high-quality glass substrates under a vacuum about 5
x 10™* Pa. The amorphous nature of films was affirmed by X-ray diffractograms. Elemental analysis was done by
Energy-dispersive X-ray spectroscopy. Optical properties of Pb-Se-Ge films were studied and investigated using
the transmission spectra. Thickness of the films and refractive index were computed utilizing Swanepoel enve-
lope method. Wemple-Di-Domenico model was applied to get dispersion energies and oscillator parameters.
Absorption coefficient values of films were estimated and found to be of the order of 10~ #cm™!. The electronic

transitions of a-Pb¢SegxGex thin films were resulted from allowed indirect transitions and the optical band gap
was found to decrease from 1.623 eV to 1.538 eV with increasing Ge-ratio while Urbach energy was found to
increase from 61 meV to 86 meV. All discussed parameters strongly depend on the Ge-concentration.

,1. Introduction

The semiconductor industry is continuously innovating itself to
expand the possibility in science and technology as per the current in-
dustry need. Hence, nano-dimensional chalcogenides of bulk and thin-
film materials have a specific forte in semiconductor manufacturing
and are still studied for use in many potential industrial applications
[1-4]. Chalcogens have a broad transparency window in the infra-red
region, with high photosensitivity, linear and non-linear index of
refraction value, high quantum efficiency and low phonon energy.
Hence, are widely used in switching devices, waveguides, reversible
phase change materials, NIR-window, IR camera, photovoltaic, holog-
raphy, etc. [5-8]. Glassy chalcogenide materials are described by the
existence of homopolar bonds, localized states, short-range order, and
different kinds of imperfections. Therefore, their properties such as
electrical, optical, and physical can be tailored, engineered, and tuned in
Refs. [9-12].

In addition, relatively easy synthesis of chalcogen glassy alloys re-
duces the production cost. More to this, the chemical composition can be

easily varied, according to the requirement. This opens the possibility of
creating complex optical systems, for example, optical computers, sen-
sors, compact optical devices, light sources, biological sensors, etc. using
chalcogens [13-15]. Among chalcogenide glasses, Se and Te are the
majorly used chalcogens in the material industry but have many limi-
tations in their pure form [16]. The Te-based glasses have a broad
transparency window and are used majorly in phase change materials,
but Te crystallizes very easily and therefore, its glass-forming ability is
very low.

Even pure Se is a very good glass former and used in broad industrial
applications, but also has shortcomings like a low sensitivity and life-
time. These shortcomings can be overcome by the addition of some other
element having the same electronegativity. Mostly chalcogens are p-
type semiconductors and the Fermi level in each is pinned. It has been
seen that the addition of metallic additives such as Pb, Sb, Bi alters the
concentration of valence alteration pairs (positively and negatively
charged defect states), unpins the Fermi level and hence results in p ton
type career reversal and properties can be controlled [17-19].

In previous works, the influence of adding Bi and Sb to the
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germanium, selenium, and tellurium based glassy matrix has already
been studied [19-21]. Therefore, in the present manuscript, Pb1¢Segg is
chosen as a parent network. Due to the comparative size and electro-
negativity values of lead and selenium, a high quality covalent binary
alloy is obtained [22].

Lead element, Pb has a high refractive index, and therefore, Pb based
glassy matrix becomes a platform for many next-generation image
processing applications [23]. In addition, also opens a possibility of
creating optical system such as sensors, coupling elements etc. The laser
diode based on Pb, are important source for tuneable emission in Mid-IR
region [24].

To customize the properties, the third element added is Ge and is
associated with the change in optical and electrical constants. Glasses of
GeySe; x are also among the best covalent glass formers and is a broadly
studied framework. The authors have already discussed the physical and
optical properties of several studies related to Ge-Se glassy alloys,
thoroughly [12,17-20]. It has been seen that alloying of Se with Ge
improves the glass thermal stability, in terms of the glass transition
temperature, resistivity, and reduces the ageing effect [25,27,28]. The
transparent window also expands with Ge addition in the IR domain.
Selenium and germanium cross-links modify the bond and give strength
to the system average bond, which results in good chemical stability.
Even the size compatibility of all the constituent results in an excellent
quality alloy for various usage [17,20]. It has been seen that with Pb
addition in Ge based glasses, a majority of carrier type reversal takes
place. Pb based Ge glasses have a potential application in thermoelectric
and photovoltaic devices, as Pb alters the charged defects states [25,26].
Moreover, with small band gap value and large Bohr radius, Pb based
Ge-Se glasses have potential applications in photodetector, solar cells,
chemical as well as biological sensors [26-28].

Therefore, in this manuscript, the study is based on optical properties
of the PbypSegxGex system with x = 0.0, 2.5, 5.0, 7.5, and 10.0 at. %,
where Se-element is being substituted by Ge-element. The addition of Ge
may result in new defects and consequent alteration in physical and
optical properties. The motivation behind this work is firstly to manu-
facture good quality films of Pb;oSegp.xGex with high-homogeneity via
the vapor deposition process. Secondly, the authors through this work,
seek to study the optical characteristics of Pb;oSegg.xGex thin films based
on optical transmission measurements only, using the Swanepoel
method.

This work also aims to study the refractive index dispersion and
explore the effective single oscillator model and the dispersion energies
of the system. The authors also studied coefficient of absorption, optical
bandgap, Urbach energy of a-Pb;(Segg.xGey films and the relationship
between them. Furthermore, and based on the experimental bandgap
energy values, some nonlinear optical parameters were also evaluated.
Table 1 reports some physical properties, such as Band-gap energy (Eg),
ionization energy (Epon), electron affinity (Ega), electronegativity (n),
bond energy, Ep, and the coordinated number (N¢), of the compositional
elements of the ternary Pb,¢Seqo.xGex samples [7,29-31].

2. Experimental methodology
2.1. Samples preparation

For synthesizing the bulk glassy Pb;(Sego.xGex samples (x = 0.0, 2.5,
Table 1

Some physical parameter values of the compositional elements of amorphous
Pby0Seqo.xGex samples [7,29-31].

Element E, (Elon) (Ega) n Ep N¢
(eV) (eV) (eV) (Pauling scale) (kJ/mol)

Pb 0.00 7.41 0.36 2.33 86.61 4

Se 1.74 9.75 2.02 2.55 184.09 2

Ge 0.67 7.9 1.23 2.01 157.62 4
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5, 7.5, 10.0 at. %) a melt quench technique was used. High purity (5 N)
elements were weighed as per at. weight %-age. The weighed materials
were then sealed in evacuated quartz ampoules using a diffusion pump
to a residual pressure of approximately 10~ Pa. These ampoules were
heated a rocking furnace to a temperature of 1100 °C. The furnace
heating rate was kept at 2-3 °Cmin™ and a step heating process was
followed. The applied step-heating was done at 300 °C, 500 °C, 700 °C,
900 °C and 1000 °C, each step was continued for 1 h. Before the sudden
quenching of the Pb;(Seqgo.xGex molten in the ice water, the sealed am-
poules were left in the oven at 1100 °C for 18 h with continuing at shake.
The continuous rocking and step heating process is adopted to ensure
the proper homogeneity of the molten mixture. The ingots bulk mate-
rials were taken out from the quenched ampoules, for use in the different
characterization equipment. Where, the crushed form of glassy alloys
was used for XRD, EDAX and SEM studies, as well as to synthesize the
film samples.

The film samples were fabricated using the physical vapor deposition
technique, employing the coating unit of Denton-Vacuum (DV Model
502 A). The deposition of the ternary a-PbjpSegoxGey thin films was
carried out using a Molybdenum boat. Before the deposition process, a
heavy current has been passed through this boat, until it becomes flashy
red hot. This step was achieved to remove any impurities may be existed
in the boat or for the pre-cleaning purpose. The prepared non-crystalline
Pb10Se90-xGex thin films have been deposited at room temperature and
under a vacuum of about 5 x 10™* Pa on colorless, high-quality KH-
microscopic glass slides. These glass sheets have been cleaned ultra-
sonically by double-distilled water, acetone followed by ethyl alcohol,
and then oven dried at a temperature of 100 C finally. Film thicknesses
and evaporation rate were continuously monitored and fixed at ~ 800
nm and 10 nm/s, respectively. The monitoring and controlling of these
parameters were done with a quartz crystal, Denton’s monitor of Model
DTM-100, positioned close to the substrate.

2.2. Characterizations of PbjgSegp.xGex samples

X-ray diffraction (XRD) technique using (Philips diffractometer
1710) was used to confirm the amorphous behavior of Pbj¢Sego.xGex
bulk alloys and films. This diffractometer has a Copper target and Ni
filter with the wavelength, A = 1.542 A. The elemental analysis of films
composition was done using Energy dispersive X-Ray Spectroscopy,
EDAX-technique using (Link analytical EDS) at different spots in the
film. The measured error of an individual element in the composition fall
within the range of +1.0%. The normal incidence transmission spectra,
T of PbyoSego.xGex film samples were obtained by double beam
UV-Visible-NIR spectrophotometer (2101- UV-VIS) in the range 0.5 —
2.5 pm of wavelength. All-optical measurements and the samples’
characteristics were performed at room temperature. The used spec-
trophotometer is equipped with a slit of width is about 1 nm and is
extremely smaller than line width. Therefore, slit width correction is not
required.

Swanepoel envelope method was used to compute the thickness and
refractive-index of PbjoSegoxGex thin-film using the obtained trans-
mission spectra [32,33]. An envelope was created on the transmission
spectra of the amorphous Pb¢Segy.xGex films, to know the maximum
(Ty), minimum (Ty,) and the average values of these spectra at the
wavelength corresponding to the interference fringes. These Ty, Tm
envelopes have been plotted around the extreme for each transmission
spectrum, and the computations were done using OriginPro 2019b
software program [34-36].

3. Results and discussion
3.1. Samples identifications

Fig. 1 illustrates the X-ray diffractograms of the ternary PbjgSeg.
xGex films at different Ge-percentages. As shown in the figure no
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Fig. 1. X-ray spectra of the ternary Pb;oSego.xGex films at different Ge-
percentages.
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diffraction sharp peaks were detected. The absence of any diffraction
lines confirms the non-crystallinity of the synthesized Pb-Se-Ge films.

However, the XRD curves show one stepped hump at the diffraction
position on (20) ~ 20°-35° owing to the amorphous nature of the glass
substrate [23,26,37]. The surface of the samples was scanned using the
EDAX technique to detect the atomic percentage of the individual
component elements for each film sample. The obtained results confirm
that the ratios of the elements detected experimentally are within an
error range of +1.0%. For more accuracy, each film sample has been
scanned several times and in different positions, and the average value
was accounted. The EDAX results did not illustrate here as they have
been published elsewhere [38].

3.2. Optical properties

The study of optical characteristics of materials is very crucial to
judge the possibility of using this material in optoelectronic, photovol-
taic applications and devices. Optical studies range from studying the
absorption of material, its transmittance, and its reflectance for elec-
tromagnetic waves, to knowing the bandgap, the dispersion energies,
electronic transitions, etc. Therefore, the following section covers
detailed discussion on the optical properties of the non-crystalline
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a: Transmission spectrum of PbpSeqGey films (x =0, 2.5, 5.0, 7.5 and 10.0 at. %.
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Fig. 2. a: Transmission spectrum of Pb;Sego.xGey films (x = 0, 2.5, 5.0, 7.5 and 10.0 at. %.. Fig. 2-b: Red-shift of the absorption edge of films as the Ge-ratio
increased. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Pb1¢SegoxGey film samples.

3.2.1. Optical transmission spectra

Optical transmission (T) indicates the percentage of light transmitted
through a clear optical material. Some applications, like optical fiber
connections, optoelectronic sensors, and Photonics need that the used
material must have a higher level of transmission. The transmission
spectra of a certain film sample are affected by the coating process and
its applied conditions, the thickness of the film, the film material itself,
and the used substrate, etc. For semiconductor films, the transmission of
a glazing film range between 90% of the highest transparent films to
about 40% of highly coating materials. This range varies depending
upon the film sample and its substrate.

Fig. 2-a illustrates the transmission spectra of the a-PbjgSeg.xGey
thin films. Five distinguished interference fringes, with peak maxima at
0.87 and minima at 0.45 approximately, are clearly observed in the
transmission spectra. The fabricated film thickness is about 800 nm,
which subsequently results in a greater number of fringes. As the in-
crease in film thickness increases the number of interference fringes
[39]. The interference fringes begin at the end of the visible region and
the start of the near-infrared region.

It can also see from Fig. 2-a that there is a strong absorption by films
at the wavelength ranges between 0.7 and 0.9 pm, where the absorption-
edge of the films is observed. The intensity of the interference fringes
decreases and almost reaches zero at the absorption edge. Fig. 2-b shows
the observed absorption edge, and a red-shift is observed from 0.683 to
about 0.735 pm with the increase in Ge content. Ge addition increases
the strength of the interconnection between the film atoms. When Ge
enters the system, it forms heteropolar bonds with Se with the bond
energy of 49.44 kcal/mol. Therefore, the number of Se-Se homopolar
bond decreases, bond energy with the bond energy of 44.00 kcal/mol.
Also, heteropolar bonding strength is stronger than homopolar bonds
[30,31].

Moreover, Ge-element has a lower band-gap energy (Eg = 0.67 eV)
as compared to Se (Eg = 1.74 eV). Therefore, adding the Ge-element
increases the absorption of the film samples and results in the redshift
of the absorption edge. The wavelengths corresponding to the position
of the absorption edges of all films are shown in Fig. 2-b.

Fig. 3 also shows the transmission spectra of a-Pb;oSegq (as refer-
ence), to depict the maximum, minimum and glass substrate trans-
mission interference values, Ty, Try and T, respectively. The average
transmission value of the films, T, can be obtained as the geometric
mean value of both of Ty and Tp; i.e. Ty = (TmTm)®> [40]. Fig. 3 also

= T, =0—T,—0—T ® T—0—T,
0.4

Transmission

0.2

.0
050 0.75 100 125 150 175 200 225 250
ﬂ(,um)

Fig. 3. Transmission spectra, transmission envelope values; Ty, Ty, and T, of
PbyoSeqq thin films.
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shows that the first-order interference peak exhibited at a wavelength, 1
~ 0.760 pm and is known as the absorption edge. It is shown from the
figure that almost all the fringes have maxima except the first fringe. The
calculated Ty, T, and d values corresponding to (x = 0, 2.5, 5.0, 7.5 and
10.0 at. %) are tabulated in Table 2.

3.2.2. Refractive index evaluation

The refractive index (n) and thickness (d) and the of PboSegg.xGex
thin films are determined using the Swanepoel envelope method [32,
33]. Based on Manifacier et al. to estimate the optical constants and film
thickness [41]. The refractive index, n; can be determined using the
following form [39,40]:

m=y/[V+ /(= )] @

Where:

Ty — Tm s2 41
N=2S|——+ 2
(mm)*( 2 > @
Here (S) is the refractive index of glass substrate obtained from its
transmission spectra [38,42]:

1 1
=— ——1
N T + ( 7 ) (3)
The calculated n values (using equations (2) and (3), then substitute

in Eq. (1)) are given in Table 2. The precision of these n values can be
improved by computing the film thickness using basic interference Eqgs.:

2nd = m,A (C))

Here the order number (mo) is equal an integer (i.e. 1, 2, 3, ....) for
each maximum and a half integer (1/2, 3/2, 5/2, ....) for each minimum
in the transmission spectra. To the first approximation the film thick-
ness, d; is given as:

dy =M/ (2nody — 2n14,) 5)

Here, A1, and A are two adjacent maxima (or two adjacent minima)
wavelength values and n; and n; are respective refractive index. Using
di-and n-values in Eq. (4), the m, values are calculated for all maxima or
minima fringes. Using the accurate my-values, the d¢orrected Values can be
calculated and the tabulated in Table 2.

Furthermore, an easy graphical route has been used to derive the
number of the first order (m;) and the film thickness (d) based on Eq.
(1). Then, Eq. (4) can be reformulated as follows [42-44]:

1/2=2d(n/2) —m (6)

Here, m; represents the first-order value. It is equal to an integer for
any maximum (1, 2, 3, ...) and a half-integer for any minimum (1/2, 3/2,
5/2, ...), while (1) takes the values 0, 1, 2, 3,... . Consequently, from a
graph plot between (I/2) and (n/A), a straight line intersects the ordinate
at a value equals (-mj) and its slope is (2d).

Fig. 4 shows the graphical dependence of (1/2) upon (n/4). Thereby,
the thickness (d) and the first-order value (m;) of Pb-Se-Ge amorphous
thin films can be obtained. According to the figure, the obtained thick-
ness values are 797.5, 804, 807, 776 and 784 nm for the amorphous
Pb1¢Segp.xGey films, where x = 0.0, 2.5, 5.0, 7.5 and 10.0 at. %,
respectively. Fig. 4 confirms also the computed values tabulated in
Table 2.

Therefore, the film thickness taken from quartz monitor and
computed from the Swanepoel envelope method is found in good
agreement. Furthermore, using the computed values of refractive index
from Table 2 and performing the least-square fitting as per Cauchy-
dispersion relation, which is given as:

B @
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Table 2
The refractive index and thickness values of the amorphous Pb;oSego.xGey film samples using the envelope Swanepoel route.

Sample 2 Tm Tm Ts n d(nm) m, M deorr(nm) Neorr

Pb10Se90 1681 0.86 0.60 0.87 2.64 - 2.561 2.50 797 2.64
1416 0.86 0.59 0.87 2.67 793 3.075 3.00 796 2.67
1226 0.86 0.59 0.87 2.70 793 3.590 3.50 796 2.70
1088 0.86 0.58 0.87 2.73 798 4.101 4.00 796 2.73
981 0.86 0.57 0.87 2.77 800 4.611 4.50 796 2.77
897 0.86 0.56 0.87 2.82 792 5.126 5.00 796 2.82
829 0.84 0.55 0.87 2.83 918 5.570 5.50 806 2.86

d1 = 816, 81 = 50 nm 6.30%, d2 = 798, 81 = 3.56 nm (0.45%)

Pb10Se87.5Ge2.5 1792 0.86 0.56 0.87 2.78 - 2.51 2.50 804 2.78
1509 0.86 0.55 0.87 2.81 770 3.04 3.00 798 2.81
1307 0.86 0.551 0.87 2.84 857 3.51 3.50 806 2.84
1158 0.86 0.54 0.87 2.88 798 4.02 4.00 805 2.88
1043 0.86 0.53 0.87 2.91 807 4.52 4.50 805 2.92
953 0.86 0.52 0.87 2.96 802 5.02 5.00 805 2.96
881 0.86 0.51 0.87 3.01 816 5.52 5.50 806 3.01

d1l = 808, 81 = 29 nm 3.50%, d2 = 804, 81 = 3.1 nm (0.40%)

Pb10Se85Ge5 1899 0.86 0.53 0.88 2.94 - 2.46 2.50 807 2.94
1599 0.86 0.52 0.87 2.96 828 2.95 3.00 811 297
1384 0.86 0.52 0.87 2.98 827 3.43 3.50 813 3.00
1227 0.86 0.51 0.87 3.03 795 3.93 4.00 811 3.04
1105 0.86 0.50 0.87 3.07 810 4.42 4.50 811 3.08
1010 0.86 0.49 0.87 3.12 794 4.92 5.00 809 3.13
933 0.86 0.47 0.87 3.22 698 5.49 5.50 797 3.18
870 0.86 0.46 0.87 3.27 817 5.98 6.00 799 3.23

d1l =796, 81 = 45.25 nm 5.70%, d2 = 807, 51 = 6.29 nm (0.80%)

Pb10Se82.5Ge7.5 1915 0.86 0.49 0.88 3.08 - 2.51 2.50 776 3.08
1613 0.86 0.49 0.87 3.12 775 3.01 3.00 776 3.12
1397 0.86 0.48 0.87 3.15 779 3.51 3.50 776 3.15
1239 0.86 0.47 0.87 3.20 757 4.03 4.00 774 3.19
1116 0.86 0.46 0.87 3.26 752 4.55 4.50 771 3.24
1021 0.86 0.45 0.87 3.29 813 5.02 5.00 775 3.29
943 0.85 0.45 0.87 3.33 819 5.50 5.50 779 3.34
880 0.85 0.43 0.87 3.40 755 6.02 6.00 777 3.40

dl =778, 81 = 27.6 nm 3.55%, d2 = 776, 81 = 2.45 nm (0.31%)

Pb10Se80Gel0 2034 0.86 0.46 0.88 3.24 - 2.50 2.50 786 3.24
1713 0.86 0.45 0.87 3.30 747 3.03 3.00 779 3.28
1483 0.86 0.44 0.87 3.36 737 3.56 3.50 773 3.31
1315 0.86 0.44 0.87 3.37 833 4.04 4.00 780 3.35
1185 0.86 0.44 0.87 3.39 855 4.50 4.50 787 3.40
1083 0.85 0.43 0.87 3.43 800 4.99 5.00 789 3.45
1000 0.85 0.42 0.87 3.48 806 5.48 5.50 790 3.51
933 0.85 0.41 0.87 3.57 729 6.02 6.00 785 3.57

dl =787, 81 = 49.61 nm 6.31%, d2 = 784, 51 = 6.35 nm (0.80%)

Therefore, Cauchy’s parameters A and B are calculated. These pa-
rameters can be estimated by plotting n(A) versus (1A2) from the
interception part and the slope of the linear portion. Using the values of
Cauchy’s parameters in equation (7), refractive index from 0.5 pm to
2.5 pm is calculated [39-43].

Fig. 5 shows the spectral dependence of n for all the film samples in
the spectral range of 0.5 pm-2.5 pm. Refractive index values computed
using Swanepoel envelope method are shown by solid symbols, whereas
the refractive index values calculated using Cauchy’s dispersion relation
are shown by hollow symbols. A normal dispersion behavior is seen in
refractive index values up to about 1.6 pm, the values decrease sharply
and thereafter shows almost invariant behavior. Also, n-values are
increasing with the addition of Ge in the system. Generally, these ob-
tained results are in good agreement with a previous literature [1,45].
The relative errors in determining both (n) and (An/n), are typically like
that of the transmission (A T/T), which is within 4+1%.

3.2.3. Dispersion energies and related parameters

The single effective oscillator model proposed by Wem-
ple-DiDomenico (WDD model) successfully explains the refractive-
index dispersion and its ability to precisely deduce the dispersion en-
ergies and parameters [32-34]. The WDD model links the refractive
index of a material with its effective single oscillator (E,) and the
dispersion energy (Ed). Moreover, these two energies are independent of
each other, because of the energy Eq is dependent on the dielectric loss,

while E, is not. Many optical parameters such as the band-gap energy,
the oscillator strength (f), the lattice dielectric constant (eL), the static
refractive index (no), and the moments M_;, M _3 can be deduced using
E, and Eq -values.

The equation of single effective oscillator model is given as in this
formula [32,33]:

(e 1) =

Here, ho represents the incident photon energy. Thereby, plotting a
graphical relation between @%1)" vs (ho)z, a straight line is obtained
and its slope is equal to (EqE,)"! and the intercept on y-axis is equal to
(Eo/Eq). Such graphical illustration is shown in Fig. 6, and consequently,
the two energies (Eq and E,) values are computed and tabulated in
Table 3.

The dispersion energy value (Eq) increases from 18.182 eV to 24.839
eV, while the energy of the single oscillator (E,) decrease from 3.222 eV
to 2.779 eV. The single oscillator energy is evaluated as twice the value
of the optical band-gap energy as suggested by Tanaka (1980) [46].
Therefore, the band gap energy (Eg) values can also be obtained
(Table 3). As observed the energy gap, Eg decreases as Ge-content in-
creases. The increased disorder leads to the formation of localized states
in the forbidden band gap, Eg, which further results in shrinkage of
forbidden gap width, as observed from the E, and E,; values (Table 3).

The oscillator strength (f), lattice dielectric constant (er), and the

(E2 = ()’

(E4E,) ®
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Fig. 4. The dependence of (1/2) upon (n/1) to estimate the thickness (d (nm) = slope/2) and the first-order value (m;) of a-Pb;oSeqo.xGex amorphous films.

static refractive index (n,) are calculated as follows [39,50]:

E, | E
eL:l+E—: and n, = 1+E—z

While the moments M_j, and M_3 can also be computed from the
estimated Eo and Eg values by these Egs. [50].:

f=EixE, )

M- M3
E=""1" and Ei="-' (10-a)
M -3 M -3
After re-arranging, they become:
E, M_
M, = EJ and M 5= Egl (10-b)

These computed optical parameters (f, €, n,, and the moments M_;
and M_3) (Table 3) increases as the Ge-content increases. The Ge addi-
tion results in increased localized states, which further leads to the
decrease in the band-gap width and the optical bandgap energy. The
band-gap energy is inversely proportional to the refractive index,
therefore, the increase in the Ge-content leads to the increase in the

refractive index values which in turns leads to the increase in the
oscillator strength (f), the lattice dielectric constant (er), the dispersion
energy (Eq) and static refractive index (m,) and the moments. Few
literature studies also report the similar results such as El-Nahass et al.
(2008) for Ge; xSeaPby films [51] and Deepika et al. for SesgGesgPbg thin
films [52].

There is another substantial implementation of the WDD model.
Where it links the dispersion energy and some essential optical param-
eters such, the effective coordination number of the cation (N.), the
effective number of valence electrons/anion, and the chemical valency
of the anion (Z,). The Eq. that link between these parameters is given as
follows [39,46,53,54]:

E;,=pxN.xZ, xN, an

Here, f is a constant. For the ionic materials p; = 0.26 + 0.03 eV,
while for the covalent materials it is . = 0.37 4 0.04 eV [39,55]. For all
the films under investigation, the effective coordination number is equal
to 4 and hence, N, can be calculated. For the thin film sample Pb;(Seg:

N, = (4 x 10+ 6 x 90)/90 = 6.44
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5.0 T T T T T T T Table 3
The computed results of the linear and nonlinear optical parameters of Pb;oSegq.
©— Pb4pSegg 0Geq \Ge, films (x = 0, 2.5, 5.0, 7.5 and 10.0 at %) thin films.
45 —— Pb 105682.5697.5 - Estimated Parameter a-Pb;Sego.xGey thin films (x represents Ge-content at.
%
g q —o— Pb4gSegs gGes, g V)
~ x = 0.0 x=25 x=5.0 x=7.5 x = 10.0
S 40} —>— PbyoSeg7 5Gez 5 | .
N . A (Absorption edge, pm) 0. 685 0.698 0.698 0.724 0.735
2 —o— Pb49Seg0.0 Eo (eV) 3222 3161 2982 2901 2879
S X Eq (eV) 18.182  20.271  21.883  23.359  24.839
S B EYM (ev) 18.079  18.451  18.850  20.272  20.719
= 3.5
“@ f (eV)? 58.582  64.077  63.466  67.764 71511
R £ 6.643 7.413 8.338 9.052 9.784
n, 2.577 2.723 2.888 3.009 3.128
3.0 F M, 5.643 6.413 7.338 8.052 8.628
M 0.544 0.642 0.825 0.957 1.041
EgPP (eV) 1.611 1.581 1.491 1.451 1.439
EJ"™ (eV) 1.623 1.601 1.575 1.553 1.538
2.5 L . . L L . L E(M(eV) 1566  1.539 1513 1486  1.459
s . . . . .
0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 (Eo/EST9) 1.985 1.974 1.893 1.868 1.872
£oo 7.213 7.935 8.956 9.845 10.823
A (/'lm) (N/m*)x10%%(g7'em™3)  1.342 1.611 2.016 2.381 2.899
4, (nm) 386 393 417 429 447
Fig. 5. Illustration of the refractive index dispersion of the present films. The S, %1013 (m?) 3.792 4151 4.101 4.379 4.468
solid points exhibit the estimated values in accordance with Cauchy’s disper- (o) X10° (cm eV) ! 8.798 7.726 6.416 5.700 5.213
sion Eq. E. (meV) 61.00 69.00 74.00 82.00 91.00
o 0.417 0.368 0.343 0.310 0.279
Eep 3.597 4.076 4373 4.839 5.376
0.24 M 0.449 0.514 0.584 0.641 0.699
- o Pb,Se, Ge, 2® %1072 (esu) 4.101 6.789 10.458  17.004  25.553
L ) 2 ny X107 (esu) 5.981 9.402 13.822  21.279  30.548
o P bwsesz,jGeij 0, x10"3(Hz) 6.968 7.649 8.541 9.302 10.261
TNopt 1.774 1.750 1.724 1.707 1.690
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Fig. 6. The variation of (n?>1)~! with the square of the photon energy (hv)? for i
a-PbyoSego.xGey thin films (x = 0.0, 2.5, 5.0, 7.5 and 10.0 at %) thin films. TP
Za =2 Thus, Ed =19.08 eV‘ 6 1 1 1 1 1 1
And even for the film sample Gey sPb;oSesy s 0 1 2 3 4 5 6

N, = (4x25+4x 10+ 6 x 87.5)/(8.75) = 6.57

Zy = 2 and Eg = 19.45 eV.

Therefore, the theoretical value of Ed(th) in eV are estimated for Pbyq
Se(1-x) Gex thin-film samples, and listed in Table 3, too. The obtained
values are found to be in good consistency with the values obtained from
the single effective oscillator model. Also, the refractive index (n) de-
pends upon the photon wavelength(4), the high frequency dielectric-
constant (e,,) and carrier concentration per effective mass (N/m*) as
per the following expression [5,39,40]:

2

5 e NY .,
=€~ | 755 )

mee (47[2026‘()> (m")

Here (e) is the charge of an electron, (g,) is the space permittivity and
(c) is the speed of the light. Therefore, plotting a graph between (n?) (on
the ordinate) and (4%) (on the abscissa), a straight line is obtained
(Fig. 7). The y-intercept gives the value of e and the slope equals to

(12)

A2 x109 (nm)?

Fig. 7. Tlustration of the n? Vs A% to get the values of both eco and (N/m*) of
Pb-Se-Ge amorphous film samples.

(e2/41t2c280)(N/m*). The values of both ¢, and the ratio N/m* are
determined and tabulated in Table 3. The high-frequency dielectric
constant value increases with increase in Ge-content and follows the
same behavior as that of the lattice dielectric constant (e1) obtained from
the dispersion parameters. The values of the ratio N/m* are also
increasing as the Ge-ratio increases. These computed results match with
those obtained by El Nahass, et. at [51].

3.2.4. Sellmeier oscillator wavelength and strength

According to Sellmeier assumption, at higher wavelength or lower
frequency of the incident electromagnetic waves, the refractive index
(n) can be correlated with the oscillator wavelength (4,) and oscillator
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strength (S,) as per following formula [56,57]:

(o —1) (A2
() (13-2)
Rearranging the above Eq., to get:
T S A )
(n*—1) NCE) Zﬁgffijl (13-b)

Here, n, and A refer to the static index of refraction and the incident
wavelength, respectively. ‘A4,” and ‘S,” sometimes are called the Sell-
meier oscillator parameters and are significant in selection of optical
materials for any optical potential application and devices. Sellmeier
oscillator parameters can be calculated by using the results obtained
from single effective oscillator model.

As (c = Av) and according to Max Planck’s Eq.: E = hy, therefore, 1 =
(hc)/(hv), hence, the last equation can be reformulated to get the
following form [13,35,58,59]:

(B2 — (W) E, (h)
E,xE, E, E;xE,

(1) = 14)

By comparing these two equations, and by simple modifications, the

following equations can be obtained and are elaborately explained in

earlier work [13,35,60].
(he)

E, =" & E;=(ni-1)

(he)
Ao 2

(15)

Hence, using above equations and the values of both E, and Eq
(Table 3), the wavelength of the oscillator (4,) and the strength of the
oscillator (S,) are estimated and are tabulated in Table 3. Moreover, the
values of 1, and S, parameters may also be determined graphically by
representing the refractive index term (nz-l)’1 on the y-axis versus (1) -2
on the x-axis, according to the following equation, which is a reformu-
lation of Eq. (14-b) [13,35,60]:

1 1 (n2—-1)

(nz — 1)71 = TSP where, S, =-~2—>—~ (16)

Therefore, the slope is equal to (1/S,) and the intercept of the y-axis
gives (1Solo2). The graphically deduced values (not represented here)
are same as those tabulated in Table 3. It can be observed that the
determined values of A, increases from 386 nm to 447 nm, while S,
increases from 3.792 x 10'3 m? to 4.468 x 10'% m? as the Ge-percentage
increases from 0.00% to 10.00% within the ternary amorphous
Pb1oSegp.xGey films. The increase in A, i.e. oscillator wavelength may be
attributed to the redshift of the absorption edge, as depicted in Fig. 2 and
Table 3. The strength of the oscillator S, presumably show an increase
due to the increase in the bonding energies as Ge-content increases in the
glassy matrix.

3.2.5. Absorption coefficient and absorbance

The absorbance spectra (A) of Pb1¢Sego.xGey thin films is calculated
using a set of Egs. Suggested by Connell and Lewis equations and the
obtained transmission spectra (T), as shown in Fig. 2. These set of Egs.
are given as [61]:

A73+[m+aﬂxlfkmgrﬂ
q

Here, B = (Rl-l) (Rz-l) (Rg-l) and q= ZTa(RlRZ - R1R3 —R1R2R3).
Here Rj, Ry, and Rj3 represent the reflectance at the mutual interfaces.
Where R; is the reflectance at the air-film material interface and is
determined as: R; = [(1 -n)/(1 + n)]2. The reflectance Ry is that of the
film material - glass-substrate interface and computed as follows: Ry =
[(n - s)/(n + s)]o. While Rg is the reflectance at the glass substrate-
surrounding air interface and is calculated as: R3 = [(s — 1)/(s2[(1 +.
Therefore, the absorption coefficient, a can be determined as follows

a7)
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[62,63]:
A=exp(axd) 18)

Here, (d) is film thickness and (A) is the absorbance. The obtained
absorption coefficient (a) values are represented as a function of the
photon energy (hv) in Fig. 8. The absorption coefficient has the values of
the order of 10* cm ™.

Moreover, it decreases sharply as the photon energy decreases,
reaching very quickly to zero. The (a) value increases as Ge-content
increases. This behavior was observed for many semiconducting films,
either for similar film materials or different materials [51,52,64,65]. As
shown also in Fig. 8, the absorption edge of film samples is shifted to-
wards lower energy values, completely consistent with Fig. 2.

This redshift in the absorption edge is due to the addition of
germanium on the account of Se. Therefore, it can be said that the Ge-
addition increases the sample’s absorbance capability of the incident
light. The absorption edge wavelength or energy has a great significance
in investigating the electronic transitions of the semiconducting mate-
rials, along with the knowledge of the energy band structure of the
material [51]. The absorption edge wavelength values are reported in
Table 3.

3.2.6. Optical band-gap and Urbach energies

In semiconducting materials as suggested by Tauc [66,67] and
further developed by Mott and Davis [68], the energy required for an
electron to jump and transit the forbidden band gap depends on both the
intrinsic behavior of the material and the incident photon energy (hv)
[66-68]. The energy required for an electronic transition from VB to CB
is defined as the optical band-gap energy (Eg) or bandgap width. The
absorption strength of the incident electromagnetic waves for any
semiconducting materials is usually dependent on the difference be-
tween the band-gap energy (E,) and incident photon energy (hv).

The optical band gap is calculated using absorption coefficient values
as a function of wavelength using Tauc’s relation [66-68]:

(ahv) =a,(hv — E,)" 19

Where hv is the photon energy and (a) is absorption coefficient. The
parameter (o) is called the band-tailing parameter; it depends on the
semiconductor material and its optical absorption ability, as well as the
type of the electronic transition [35,59]. The value of the exponent
power factor p = % and 2 for direct and indirect transitions, respectively
[59,69]. For the material under investigation, p = 2. While plotting a

3.5

Absorption Coefficient, &
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2.0 T e P19 S090,.9

130 1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70
hv eV)

Fig. 8. The variation of the absorption coefficient spectra of the amorphous
Pb-Se-Ge films.
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graphical relationship between (hv) on the horizontal axis and (a¢hv) on
the vertical axis (to check the possible p-values) the straight line is ob-
tained for p = 2. This hints towards the indirect allowed transitions.

The graphical relationship between (ahv)1/2 versus (hv) is plotted,
and the line has been extrapolated to intersect the x-axis at a certain
point. This point depicts optical gap energy value for the present a-
Pb1oSeqoxGey films. Fig. 9 represents this graphical representation, and
therefore the energy of the optical band gap is experimentally inferred
for the film samples. This verification for Tauc’s Eq., for Pb-Se-Ge thin
films, is consistent with what Mott and Davis suggested for the non-
crystalline materials. Where they proposed that the electronic transi-
tion of the amorphous semiconductor material is almost an indirect
allowed transition, which was affirmed for the present film samples.
Consequently, Eg(Tauc)-values have been obtained and then reported
also in Table 3.

It can see that the value of the optical bandgap energy of Pb;ySego.
«Gey films decreases from 1.623 eV to 1.538 with an increase in Ge-
content from x = 0.00% to x = 10.0%. In the present manuscript, au-
thors have computed the optical energy gap using more than one
method, using the single effective oscillator model, Eg"°P and theo-
retically, Eg(th) using Shimakawa’s formula [23,70]. The band-gap
values obtained from these three methods are very close to each other
follows the same trend. This indicates the high accuracy of the compu-
tations done.

Furthermore, Fig. 11-a, b and c show the graphical representation of
the optical energy gap values as functions of the Ge-content, corre-
sponding to the obtained values by WDD model, Tauc’s Plot and
calculated theoretically. Fig. 11-a illustrates the determined optical
band energy values according to Tauc’s plot, EgT and the results
plotted as a function of (x) atomic %, which denotes to the Ge-content
percentages, then the points are lineally fitted to obtain the following
experimental equation: Eg(Ta‘m) (eV) = 1.623-0.009 x.

The Ge-addition results in the generation of more localized states/
band tail within the band gap. This band tail leads to a decrease in the
bandgap width, hence decreases Eg-values. This result matches the re-
sults presumed by Tanaka (1980) and by Kato and Tanaka (2005) [46,
71]. It is worth noticing that the pre-exponential values of Eq. (20), a, is
also estimated for the present films (Table 3), and is found to decrease
from 8.798 x 10° (cm eV) ! to become 5.213 x 10° (cm eV)’l, as
Ge-content increases from 0.00% to 10.0%. Moreover, it can also be
noted that ay-values shows the same behavior as that of the optically
obtained band-gap energy (Ey), where the two values decrease together
as Ge-ratio increases. While the two quantities (a, and Eg) are in an

400
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Fig. 9. Absorption curves illustrating the indirect allowed transition and
obtaining the optical band-gap energy, Eg(Tauc) of the a-Pb;oSeqoxGex thin
film samples.
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inverse relationship with the refractive index values (refer to Tables 2
and 3).

These obtained results affirm that the non-crystalline Pb;oSegg.xGex
films have the behavior of semiconductor materials [24,35,39]. As the
authors’ knowledge, either (the direct relationship between &, and Ey)
or (the inverse relationship between a, and n) has not been previously
discussed or touched by anyone, and therefore the authors have not
found any reference that can be cited here to confirm this relationship or
essentially deny it. Nevertheless, authors have noticed this behavior
previously as well [35] and therefore can be considered as a note.

Urbach stated that along the curve of the optical absorption coeffi-
cient (a-spectra) of the semiconductors and almost near the absorption-
edge of amorphous, or polycrystalline semiconducting materials, there
is an exponential segment [69] which describes the width of the
band-tail of semiconductor materials. This tail exemplifies the localized
states. According to Urbach [72]:

a=p, exp (g) (20)

Where f, is some constant, E, is the band-tail. A straight-line near the
absorption edge is obtained while plotting Ln (a) vs photon energy (hv)
and the reciprocal of the slope gives the value of E,, as illustrated in
Fig. 10.

The values of the band-tail energies have been reported in Table 3
and graphically depicted as a function of the percentage values of Ge-
content in Fig. 11-d. The represented graphical points have been also
fitted to get this empirical Eq.:

E,(meV) = 60.96 4+ 2.99x, x = 0.0, 2.5, 5.0, 7.5, and 10.0 At.%)

As obvious from this graph and Table 3, the band-tail width energy
increases from 61 meV to 91 meV. This means that the disordered of the
non-crystalline PbjgSeqp.xGex matrix increases as Ge- increase in the
system. Thereby, the localized states width, formed above and below of
the VB and CB, respectively increase. These results confirm the obtained
results of the band-gap energies and are in a good match with similar
chalcogenide film samples [45,51,52].

On the other side, Urbach assumed another hypothesis for the
amorphous semiconductors that linked between the energy of the band-
tail-width (or the formed localized states) and the coefficient of the
absorption, o of these materials, according to this expression [72-74]:

o(hv — E,
_ 21
a=p exp{ KT } 21)
9.60
@ PbyySegpoGeqq
—_— ® PbyySeg; sGey s B )
’ ¢ PbyySegsoGesy ¢
® PbyySegysGe;y s L
<912 = Pb,Se
3 10°€90.0
N
E |
8.88 |
Y ’ Y
8.64 | :
?
8.40 L 1 L 1 1

1.53 1.56 1.59 1.62 1.65 1.68 1.71

hvev)

Fig. 10. Illustrating Ln («) Vs (hv) to get the Urbach band-tail energy Ey of the
ternary Pb-Se-Ge film samples.
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Fig. 11. Representation of the Eg(WDD), Eg(Tauc), Eg(Th) and E. as functions
of the Ge-content % of the ternary a-Pb¢Sego.xGey thin films.

Here, (u) is another constant, differs from g,, that of Eq. (21), while
(o) is steepness parameter, and T is the absolute room temperature, 295
K [73,74]. This parameter also characterizes the broadening of the edge.
p characterizes the slope of the straight portion of the absorption coef-
ficient curve (a) or/and the absorbance (A) near the edge of the ab-
sorption. As E, is the energy of the electronic transition. E, = Eg + Ep,
where Ej, is the energy of the phonon accompanying the indirect elec-
tronic transition, whereas for the allowed direct transition, E, = Eg, and
the constant K denotes Boltzmann constant.

Therefore, from the comparison of the two Egs. (20) and (21), it can
get these Egs. [37,69,72,74].:

_ oE, (hv) o(hv)
In < a(,) = (ln p KT) and E KT (22-a)
KT
Consequently : 6 = R (22-b)

e

Thus, the value of this steepness parameter (c) is computed and is
given in Table 3. It was found that the values of the steepness parameter
decrease from 0.417 to 0.279 with the increase of the Ge-percentage in
the film sample. This means the broadening of the absorption edge de-
creases as Ge-content increased, i.e. the interactions of the electron-
phonon and/or the exciton-phonon increases [75,76]. Where the
steepness parameter (c) is related to the strength of the electron-phonon
interactions, Eep by the following Eq. [37,69].:

10
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E, ,=3/(20) (23)

Therefore, the electron-phonon interaction strength, E.., could be
also evaluated and then reported in Table 3. The value of E,., increased
from 3.597 to 5.376, as the Ge-ratio increased from 0.0% to 10.0%.

3.2.7. Non-linear optical parameters

The optical nonlinearity of the refractive index is connected with the
high-order susceptibility of the material. When applying a strong electric
field to a substance (when an intensive light incident on the material),
then the material will be polarized. This polarization (P) and the applied
electric field, E can be described as follows [77,78]:

P=yVE 4 yOF? 4 O p> 29

Where yVE is linear and while y® and y® represent the higher order

nonlinear susceptibilities. Further, the refractive index ‘n’ can also be
given as follows [78-81]:

n=n, +ny(E*) (25)

Noting that (n,) and (ngz) are independent of the intensity of the
incident light and n, > ny. Using Miller’s rule, the first-order and third-
order nonlinear susceptibilities, (y’) and (¥®), respectively, and
nonlinear refractive index (mp) of any semiconducting material is
determined as following set of Egs. [45,79-82].:

2
-1
2 :""4” 26
B 4
P @ [ —1] 27)
c
N, & — (28)
E}

Here, n, is the obtained static refractive index, B and C are constants
and equal 1.7 x 10-10 (esu) and 1.26 x 107° (esu.(eV)4), respectively.
These Eqns. 26-28 give sensible values as predicted by Ticha and Tichy
(2002) [79]. Thus, by substituting the values of n, and the mentioned
constants (B and C), the values of both Xl, X(S) and n2 values can be
computed, and then listed in Table 3. As obvious, these three parameters
O, ¥® and ny) are increasing as the Ge-percentage increases, due to the
increase in the values of n,, which is dependent upon the E4/E, ratio,
which is also increasing and discussed before [79-81].

3.2.8. The plasma frequency, wp, and optical electronegativity, nop;

The plasma frequency (@) has an essential function in the absorption
of incident electromagnetic waves. The frequency of the electromag-
netic waves (photons), (hv) has the same order of the plasma frequency
(wp) and leads to a large absorption of light owing to the coupling be-
tween photons and phonons. This coupling affects the values of the
bandgap energy (Eg) and the index of refraction (n) [78]. If the fre-
quencies of both the photon and the phonon become equal, then an
anomalous dispersion of the index of refraction occurs in the plasma
region of the material. As the energy of the incident light increases, the
refractive index (n)-values and the absorption of incident light increase,
which further slows down the speed of electromagnetic waves within the
materials [35]. Due to these significant effects of the plasma frequency,
it can be calculated as follows [35,80-83]

N _ E0€x 5 5

m" e "

N e
X
E0€L

(29

Consequently, the values of @, have been determined and listed in
Table 3. As it is seen the value of this frequency, w, increases from 6.968
x 10'% Hz t0 10.261 x 10'°Hz. This means that the increase in the Ge-
content leads to the increase in the plasma frequency.

On the hand, the optical electronegativity, (nopt) is another
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parameter which has a crucial role in estimating several parameters
from the Physico-chemical characteristics of the materials as suggested
by Duffy [84]. It physically means that the tendency of a radical or ion to
attract electrons for forming the ionic bond. The values of the optical
electronegativity for any chalcogenide amorphous SCM can be calcu-
lated by the following Eq. [84,85]:

A %
”opt: ;0

Here, A denotes a constant for all materials, which is a dimensionless
quantity, it equals 25.54. Thus, the optical electronegativity values
could be determined and then reported in Table 3. It can be observed
that the value of nopt decreases from 1.774 to 1.690 as the Ge- ratio
increases from 0.00% to 10.0% in the chalcogenide amorphous
PbmSego_xGex films.

(30)

4. Conclusion

The amorphous Pb;(Sego.xGex (x = 0.00, 2.50, 5.00, 7.50 and 10.00
at. %.) thin films have been synthesized using the vacuum deposition
under pressure about 5 x 10~ Pa. The optical properties or parameters
of the prepared thin films have been studied using optical transmission
measurements and Swanepoel envelop method. The films have strong
absorption between 700 nm and 900 nm, and the absorption edge of
films shows a red-shift from 683 nm to 735 nm, approximately as the Ge-
content increases. After 900 nm the absorbing nature of thin films re-
duces to a minimum value to then approach zero. An increase in the Ge-
content leads to an increase in the refractive index values of samples.
WDD Model is employed to deduce the dispersion energies and pa-
rameters. Moreover, Sellmeier oscillator wavelength and strength are
also determined and discussed. The absorption coefficient spectra is
higher than 10™* ecm™. Tauc’s and Urbach’s energies are investigated
and thoroughly discussed. The electronic transition is indirect, and en-
ergy of the optical bandgap decreases from 1.623 eV to 1.538 eV, while
the Urbach energy increases from 61 meV to 91 meV with an increase in
Ge content. The bonding strength and the cohesive energy of samples
strongly affect the optical properties and parameters. Moreover, all
discussed characteristics and parameters strongly depends upon the Ge-
concentration. The effective single oscillator energy and the optical
electronegativity decreases. While almost all the other estimated pa-
rameters increase, viz. the dispersion energy, oscillator strength, lattice
dielectric constant, the static refractive index, the moments (M.; and M.
3), oscillator wavelength, Steepness constant, plasma frequency and the
nonlinear optical parameters (3, ¥® and ny).
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