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   This study focused on the characterization of optical properties for chalcogenide 

glass (                           ) prepared via quenching procedure and was thermally 

deposited on glass substrates by thermal evaporation process. The amorphous nature of 

the evaporated films was confirmed through X-ray diffraction analysis.  The composition 

of the prepared sample was obtained using energy dispersive X-spectroscopy (EDX). The 

optical properties of the thin films, including transmittance (T), reflection (R), thickness 

(t), and index of refraction (n), were investigated using spectrophotometry (190-2500 

nm). The Swanepoel technique was employed to calculate the thickness and n values 

from the transmission data. Wemple-DiDomenico (WDD) model used to estimate 

dispersion factors (   and   ) and dielectric constants from the refractive index data. The 

optical energy gap (  
   

) for the studied composition was determined. The optical 

absorption analysis revealed both permitted direct and indirect transitions.  To model the 

optical constants, an artificial neural network (ANN) was trained using experimental data. 

Various ANN configurations were tested, and the best one with minimal error was 

selected. The ANN model demonstrated a satisfactory match with the findings. A 

mathematical equation describing the optical behavior of the samples was derived. The 

selected ANN model's performance was admirable, as it could accurately predict optical 

parameters for unmeasured thicknesses. In conclusion, the ANN approach proved to be a 

valuable tool for modeling the optical properties of                             thin 

films, exhibiting high accuracy and excellent predictive capability. 
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Introduction  

Chalcogenides (ChGs) have great attention in research due to its important 

applications [1], commercial importance, electronics applications in devices, particularly, 

in the area of thin films [2-4]. Chalcogenide glasses (ChGs.) contains one or more 

chalcogen [Sulphur (S),Selenium  (Se) or Tellurium (Te)] [5], [6]. They are important 

due to high transparency, restricted optical absorption, reversible transformation of phase, 

large refractive index, etc. [7, 8]. 

   The optical properties of Chalcogenide glasses, such as their refractive index 

and transmittance in the infrared spectrum, explain why filters, antireflection coatings, 

and other optical devices are interested in using them. [9-11]. Chalcogenide glasses can 

have their thermal, optical, electrical and mechanical properties changed by adding 

impurities, producing new and improved materials for the device industry. The nonlinear 

characteristics of chalcogenides, which favored for nonlinear optics, are much higher than 

ordinary glasses [12]. Hence, chalcogenides are recently used for producing military and 

medical applications [13,14]. By altering the doping components and substrate film 

deposition techniques, ChGs. can have different properties [15]. Several authors [16-19] 

studied the optical response for different materials.  

     Selenium and tellurium are widely used in amorphous ChGs., [20]. Because of 

their broad transparency window, good thermal stability [21], high ability of forming 

glass [20], and attractive and commercial applications [22], Se-based materials are 

preferred [20, 22]. The disadvantages of pure selenium can be summed up as low 

sensitivity and short lifetime [23] and great unitability, which restrict ChGs. applications. 

But by combining Se with elements like Sb, Ga, and Ge, that can be avoided [23]. These 

impurities increase the electrical conductivity, thermal stability, and photosensitivity of 

the pure Se-material [22]. 

   Ge-Sb-Se ternary glasses are important materials for infrared optical fiber 

applications because of their good mechanical, chemical, and thermal properties. Many 

properties of Ge-Sb-Se glasses are attractive for researchers [24, 25]. Ga doping glasses 

turn out to be the best materials for creating lasers, amplifiers, doping sources, and other 

photonic devices in the mid-IR range [22, 26]. The application of Ge-Sb-Ga thin films in 

phase-change memory and other non-volatile memory devices has been extensively 

studied. These films have phase transitions states, making them suitable for data storage 

applications .Research has also been done on the thermoelectric properties of Ge-Sb-Ga 

thin films, which are useful in thermoelectric generators and coolers .  

    In previous studies of Se-Ge-Ga–Sb compound [20, 21], the addition of the 

fourth element Sb, which is a member of group V, results in a quaternary composition 

that enhances stability [27], and glass-ability while also causing compositional disorder. 
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Additionally, Sb improves the optical characteristics of Se-Ge-Ga by lowering the optical 

bandgap energy [20]. Germanium as a matrix increases the glass formation area. The Se-

Ge-Ga-Sb alloy became appealing for use in storage applications and is now being 

considered as a possible mid-IR fiber material [28]. There are many technological 

applications of thin film in infrared oscillations, light emitting diodes, lasers, infrared 

detectors, etc.[ 29-31]. In addition to their good chemical and physical features,which can 

be used in high-precision molding technology [32]. These properties make this type of 

material highly recommended for mid- and far-infrared applications [33] such as IR 

(infrared) lenses and IR detectors and suitable for producing different medical, 

military,and civil applications [34].  

   It is found that while binary and ternary glasses have received a lot of attention 

in the literature, quaternary glasses, which may have even greater applications, have 

received less research and study. Recently, many researchers have studied different 

quaternary chalcogenides [35-39]. Hence, Se-Ge-Ga-Sb quaternary compound was 

chosen for our work due to its industrial applications and we investigated the optical 

behavior of Ga–Sb–Ge–Se films then were compared with the training and prediction 

outcomes. 

      In the current research, the optical behavior of the evaporated 

                            thin film composition is described, by using transmission 

spectrum at wavelength range190–2500 nm. Also, the optical constants are presupposed 

and investigated. Along with dielectric constants, the Wemple and Di-Domenico 

Parameters and the connection between the measured parameters [40, 41] are also 

examined. Our findings were consistent with earlier research on chalcogenide glass [42, 

43]. Using Tauc's extrapolation method, the non-direct transition model is utilized in the 

computation of the optical band gap for the studied composition [44]. The acquired 

values provided a clear understanding of the optical behavior of the amorphous 

investigated composition [45]. 

    ANN model gains many advantages, storing information on the entire network 

instead of storing it on the database. That enables the network to train despite the 

presence of a few missing pieces of experimental data.  The parallel processing 

capability provides the ANN network with the strength to carry out multiple tasks 

concurrently. The most important advantage of ANN is the ability to make machine 

learning and make decisions by generating results for similar events.  Lately, there has 

been a lot of focus on using ANN in modeling many physical properties. ANNs 

Developments and applications have been used in modeling many relations in physics 

[46-58]. Additionally, ANN based on the algorithm known as resilient backpropagation, 

or R-prop are utilized to calculate the optical parameters of the understudied 

semiconductor. The resilient back-propagation algorithm (Rprop) is considered one of 

the fastest methods for training artificial neural networks R-prop is a gradient-free 
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optimization algorithm, meaning it does not rely on gradient information directly. 

Instead, it adjusts learning rates for each weight based on the direction of the weight 

updates from one iteration to the next. By adapting learning rates dynamically and 

independently for each weight, R-prop can potentially converge faster and more reliably 

compared to traditional methods. It is particularly useful in scenarios where gradient 

information might be noisy or unreliable (such as with sigmoid activations).  In 

summary, R-prop enhances the efficiency of ANN training by mitigating issues related 

to the partial derivatives from sigmoid functions and by dynamically adjusting learning 

rates based on the direction of weight updates. This makes it a valuable alternative to 

traditional back-propagation algorithms, especially in scenarios where sigmoid 

activations are prevalent. 

The ANN network accepts the experimental data as inputs. The training is 

processed many times to obtain the minimum error. The ANN modeling process is 

performed to simulate the transmittance T(λ), the reflectance R(λ), the refractive 

index n(λ), the absorption index k(λ), and dielectric constant    of different thicknesses of 

                            thin films.A mathematical equation representing the optical 

behavior of the mentioned semiconductor is obtained. Also, Prediction of T(λ), R(λ), 

n(λ), k(λ), and     for values that are not included in the trained datasets. This work aims 

to study the effect of film thicknesses variation of                             on the 

optical properties and using ANN model in obtaining the optical constants of investigated 

thin films. The corresponding experimental findings were compared with the training and 

prediction outcomes. 

1. Experimental 
1.1. Materials 

Sample in bulk form of                            was made using the melt-

quenching method in several steps. First, each component was weighed using electronic 

balance in accordance with their stoichiometric ratio (total weight: 5 gm). Next, they 

were poured into an empty silica ampoule that had been cleaned before and sealed under 

a vacuum of 1.332×10-6 kPa. The tube was then placed in a swing oven. Melting point 

(MP) Ga was set at 30 
o
C, and the oven temperature was increased to 50 

o
C. The 

temperature was then raised gradually with rate 50 
o
C/h to the melting point (MP) of 

selenium at 220 
o
C and maintained there for two hours. After that, the temperature was 

raised slowly to the MP of Sb at 640 
o
C and maintained there for an additional two hours. 

Finally, the temperature was raised to     C (MP of Ge ≈     C) and remained 

constant for 20 hours. (The homogeneity of the compound was achieved by long time of 

preparation and mechanical oscillations of the mixture in vibration oven). 

The studied sample was then got in amorphous state by quenching the molten sample in 

the ampoule with ice water. The finely separated powder was made by crushing the 
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evaporation-related tube ingot. With the aid of thermal evaporation technology and a high 

vacuum coating device (model Edwards E306 A), thin films of the prepared mixture were 

produced on a glass substrate that had already been cleaned with a deposition rate of 5 

nm. /s. To create uniform layered films on a flat surface, the substrates were fastened to a 

suitably rotatable holder. The substrates were fixed onto arotatable holder (up to 240 

rpm) to obtain homogeneous deposited films at adistance of 25 cm above the evaporator. 

Room temperature was maintained as the substrate's temperature during deposition 

procedure. 

2.2 Measurments  

 
     EDX (Energy dispersive X-ray) detector and a scanning microscope (Jeol JSM 5400, 

Tokyo, Japan), the composition of the films as they were deposited at a 30 kV 

acceleration voltage was investigated. The analyzed samples are also examined using a 

Philips X-ray diffractometer equipped with a copper target. The samples under 

investigation were subjected to (XRD) using a Ni filter operating at 40 kV and 20 mA. X-

ray diffraction patterns in the 4
o
 to 90

o
 angular range, measured at room temperature. A 

calibrated double beam spectrophotometer measured the transmission and reflection for 

the studied films at normal incidence using unpolarized light at room temperature in λ 

range of 190–2500 nm, (Tokyo, Japan). 

One method for machine learning is the artificial neural network (ANN) model. A 

processing element of an ANN model is a neuron Fig. (1). A neural network architecture 

has multiple layers (input, hidden layers, and output) involving multiple nodes (neurons). 

Hidden layers are the layers where the nodes are organized. Weights are the ties that bind 

them to one another. In principle, training is regarded as the primary ANN operating 

phase. The training process involves adjusting the weights (w) and biases (b) until the 

performance becomes acceptable. The resilient back-propagation algorithm (R-prop) is 

considered a fast method for ANN training. The importance of the (R-prop) algorithm is 

to remove the negative effects of partial derivatives applied to the output that are caused 

by log-sig transfer functions (sigmoid functions).  

The partial- derivative is the ratio between the yield derivatives to the weights. 

The derivative sign is the factor used to obtain the course of the following weight 

adjusting process while the derivative size is not significant in the process. An 

independent update value is utilized to obtain the amount of change. However, the 

algorithm changes the updated value by comparing the sign of the weight with its sign in 

the last epoch. If the sign does not change during several iterations the updated value 

increases and vice versa. That prevents weight oscillations and directs them to error 

minimization. [59], [60]  
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Training the ANN network includes certain steps. The first step is processed by 

identifying the input and target parameters. The second step includes the selection of the 

best ANN structure based on the validation of ANN performance.  

Finally, forecast values that weren't used during system training. A learning 

algorithm is defined as a procedure for altering a network's weights (w) and biases (b) to 

reduce the error between the targets and the ANN outputs. The mean squared error 

(MSE) was calculated using Eq. (1):  

    
 

 
∑     

  
                                 (1) 

Where n is inputs and    is the produced errors. 

 
Fig.(1) Schematic diagram of an artificial neuron. 

A multilayer neural network (ANN) that uses the back- propagation (BP) learning 

algorithm is the most well-known type of ANN. The computation of BP is the best of the 

multi-layer computations. A multilayer feedforward ANN structure is a mixture of 

different layers Fig.( 2). The First tier is a data tier that represents the training data, which 

is thereafter ready and transmitted to the last tier (output tier) through at hidden tiers 

(HT). Neurons required in each hidden tier are important in network design. The best 

number. of neurons and HT depend on factors such as the inputs, the targets, the data 

noise, the error function, the design of the network, and the trained algorithm.  

Training a network involves continuously processing input patterns and adjusting 

the connection weights between the necessary output components related to the network. 

Fig. (3) represents the block schematic of the backpropagation network. The purpose of 

training is to decrease errors that represent the subtraction between the targets and the 

ANN results, to achieve the best performance. Thus, MSE should be minimized [61,62]. 
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Fig.(2) ANN Representative architecture . 

 

                               Fig.(3) The flow of BP learning algorithm. 

 During training, inputs contain three parts: (70%) training set, (15%) test set, and 

(15%) validation set. This classification's goal is to make sure that the ANN model is 

validated by contrasting its targets with the random value predictions. The Levenberg-

Marquardt algorithm is presented in Eqs. (2 – 6). The error function is summing squared 

errors. 

  ∑   
  

                                            (2) 

Where n is the inputs. The Jacobian matrix of the error is defined as 

    
   

   
                                                (3) 

For         and         

Where the Jacobian matrix size is     .  

The error gradient is presented in Eq. (4) 

                                                                  (4) 

Where   is the error vector. Then, the approximated matrix is defined in Eq. (5) 

                                                            (5) 
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Where λ is the damping and I is the identity matrix. The Levenberg – Marquardt 

parameters are computed using Eq. (6) 

                                  (                )
  

 (           )          (6) 

The Levenberg-Marquardt algorithm is a hybrid algorithm that merges the benefits of 

Newton's method and gradient descent. It works by adjusting a damping parameter λ 

between two extremes: zero and a large value. When λ is zero, the algorithm converts to 

Newton's method which is a fast but unstable algorithm. When λ is large, it converts to 

gradient descent which is a stable algorithm. The algorithm starts by initializing λ to a 

large value. This leads to slow conversion to gradient descent. This process of adjusting λ 

typically accelerates the convergence to the minimum. [63]. 

 The MSE and R are computed using Eys. (7) and (8) [63]. 

    ∑        
 

 

   

 ⁄                                                        

   √    (
∑         

 
 

∑     
 

 
)                                                

where n denotes the data points,    is the model's output, and    denotes the experimental goal. 

3. Results 

 Structure of                              Thin Films  

   EDX analysis revealed the composition and homogeneity of the investigated samples, 

indicating that the respective atomic percentages of Se, Ge, Ga, and Sb are 49.94 %, 

31.38%, 7.38% and 11.30%, respectively, as depicted in Fig.(4a). Fig. (4b) shows the 

morphology of the outer layer of the sample (                           ) from the 

scanning microscope. The formulation of this specimen                             ) 

indicates a close resemblance in elemental proportions to those found in the laboratory-

made ingot as shown in table1. Furthermore, the analysis confirmed the absence of any 

unusual components in the sample under investigation. 
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Fig. (4a) EDX spectra and surface morphology of the thin film sample  

                           . 

 

 

 

 

Fig. (4b) shows the morphology of the outer layer of the sample 

(                              %) from the scanning microscope. 

 

Table 1. The EDX data for                               Thin film. 

 

The actual formula Se (at. %) Ge (at. %) Ga (at. %) Sb (at. %) 

                            49.94 31.38 7.38 11.30 

 

XRD for the evaporated                            Thin-film sample is shown as an 

example in Fig. (5). This pattern exhibits an amorphous phase upon analysis. On the 

composition chart, there is a wide hump and no peaks can be seen. This happens due to 

the molecules that evaporated haphazardly on the substrate. There is an agreement 

between the obtained result of X-ray analysis with other studies [64,65] 
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Fig. (5). XRD pattern for                            thin-film sample as example. 

 Optical Properties of                            thin- films. 

 Understanding the specimen's electronic nature requires knowledge of the optical 

absorption of the composition under examination, particularly the absorption edge [66, 

67]. The optical parameters were ascertained using the spectral distribution of 

transmission using Swanepoel's method [67]. 

The Spectral Distribution of the Films Under Study's T(λ) and R(λ). 

  Regarding the films that were examined at various thicknesses, the variations in 

T(λ) and R(λ) with wavelength were obtained at normal incidence with a range of   λ 

(190-2500 nm) at (303 K), see Fig.(6a, b). As seen in these images, at high λ (1900-2500 

nm), T + R =1, indicating the film transparency without any absorption or scattering 

taking place; extinction coefficient k ≈ 0 [33, 34]. The T and R along (λ nm) for 

                           for all studied films in Fig. (7). The reflection spectrum's 

minimum occurs at roughly the same λ as the transmission spectrum's maximum and vice 

versa. This demonstrates the optical homogeneity of the deposited layers [66, 70].   

Fig (6a) shows comparative transmittance spectra for films of different thicknesses. As 

observed, there is a redshift with increasing film thickness in interference-free region,  

accompanied by changes in the position of fringes at low energy. This redshift in T(λ) 

indicates that light form (holes) in films below the absorption edge in the Urbach tail 

[31]. 

The Swanepoel approach [67], which solely considers significant fringes of interference 

in the T(λ) spectrum used to assess the optical characteristics of the films. 
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Fig.(6a&b). Distribution of spectra of (T) and (R) for                            Films. 
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Fig.(7). T (λ) and R(λ) spectra of                            films. 

 Refractive index (n) and film thickness estimation. 

 Using Manifacier et al.'s concept [30], Swanepoel's method [67] can be used to 

get the thickness (t) and the refractive index (n) for the films from T(λ) spectrum. This 

method depends on the creation of Tm and TM envelopes between minimum and 

Maximum of the T(λ) spectrum. Finding the initial refractive index ni is made possible by 

utilizing formula [67] knowing the envelopes and the tangent points of T(λ) spectrum: 

   √          
 

 ⁄                                       (9) 

Where, 

     
      

    
  

    

 
                                             (10) 

and S = 1.5 is the glass's refraction index. The values Tm and TM represent the envelope 

lines' tangent points at particular wavelengths.  

To get a rough estimate of the film thickness, use formula [67]: 
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                                                   (11) 

Where    and    are refractive indices at    and    , that are maxima (or minima). The 

initial thickness values    were then computed. These variables are required by the 

equation of interference fringes           to obtain mo, or "the order number of 

extremes," along with   . The exact value of    is then greatly increased by using the 

integer or half-integer of mo and converting it to a value for   . As a result, there is less 

variance, and the final thickness              calculated.   

n can then evaluate using the average of (  ) and the accurate value of    using      

    . It is possible to fit n for the films using Cauchy equation [68]. A formula that  

employed in the extrapolation at small (λ) is          , as the inset  of Fig.(  8) 

illustrates. 

 Asummary of   and   values over the range of λ is given in Table 2. For varying 

thicknesses, the measured refractive index n of the films that were deposited shows a 

spectrum variation consistent with the estimated values of the Cauchy relation (See Fig. 

8). 

 
Fig. (8). The films under investigation's refractive index spectral distribution. Inset: The 

as-deposited films' Cauchy equation fit. 
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Table 2    and   parameters according to Cauchy for                             films. 

Thickness, (  )     

          2.48 479747 

          2.79 489883 

          3.22 569154 

583.09 nm 3.34 620704 

In the spectral range where absorption is prominent (< 670 nm), as depicted in Fig. (8), 

the refractive index (n) shows higher values at shorter wavelengths. As the wavelength 

increases, the refractive index gradually decreases and stabilizes above 1500 nm. 

 Extinction coefficient k and Absorption Coefficient   estimation. 

Given (n) and (t) values, we calculate (α) using Swanepoel equation [67] to 

estimate x (the absorbance ) in the region of fundamental edge.   

  
 

 
                                     (12) 

i.  When strong absorption region exists, where the minimum and maximum 

interference merge into a single line   ,  x is obtained by the formula:  

  
               

      
                                                  (13) 

ii.   For a region of weak and moderate absorption, the absorption x is evaluated 

from the extreme interference values  using the equation: 

  
      

  (      )
 
         

 
 

              
                                  (14) 

where     
    

  
                

 The coefficient   was calculated, knowing the value of α at λ. 

  
  

  
                                                               (15) 

   and    relation shown in the Fig. (9). 
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Fig.(9). k coefficient with λ for films under study. 

 Obtaining the energy gap   
   

and evaluating     

The optical absorption research [12] provides a clear explanation for a few bands 

structure and energy gaps of materials. The edge of absorption for various amorphous 

materials can be split into two regions of absorption according to the energy (low and 

high) of α as calculated by the Swanepoel method [68, 69]. Fig. (10) illustrates how the 

films under investigation's α varies with photon energy (  ). 

The edge that absorbs energy is split into two parts based on (α) values:  

The absorption at low     generally follows Urbach's rule in the first region, which is for 

low values of   <     cm
-1

 [33].  As shown from eq. (16), absorption of this part is 

caused by transitions in localized states in one band's exponential tail and the other band 

extended states: 

                                                   (16) 

   (constant), Ee (Urbach’s energy), which, for amorphous semiconductors is the disorder 

degree and is defined by the width of localized states tail in optical energy gap [34, 75]. 

Fig. (10) shows log α versus   . Equation (16) allows the deduction of the Ee and 

   values, as seen in table 3 and result from the least-square fitting of the first region. 
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Fig.(10). log(α) versus Photon energy ℎ .  

Table 3.    ,      
   ,   

   values for                              films. 

Thickness t (nm) 
Ee 

(eV) 
   

(cm)
 -1

 

  
    

(eV) 

  
    

(eV) 

245.547 nm 0.26 44.70 1.68 1.28 

388.322 nm 0.26 98.80 1.58 1.22 

481.331 nm 0.27 291.05 1.39 1.08 

583.09 nm 0.2720 324.5047 1.38 1.05 

 

According to Tauc's law [76, 77], the second part corresponds to greater absorption 

coefficients       cm
-1

 and is connected to transitions in conduction and valence 

bands. following the formula: 

           
                                                                            

(17) 

  
    optical energy gap),  edge-width parameter A (The Tauc parameter) represents the 

film's quality. Tauc parameter can also offer important insights into the disorder that 

exists in thin films. Increased levels of disorder or defects in structure in the film are 

indicated by higher Tauc parameter values. It is crucial to remember that the Tauc 

parameter analysis should be used in combination with other characterization techniques 

to obtain a thorough understanding of the thin film properties. This information can be 

used to understand the structural properties, defect states, and overall quality of thin films 

[78]. A is determined by using the linear part of Eq. (17).  
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The index parameter (r), which indicates the type of transition, can be theoretically equal 

to 2, 1/2 for allowed indirect and direct transitions or 3, 3/2 for forbidden ones. The most 

effective technique to know the type of transition and estimate the related energy value is 

to plot         against     using equation (17). 

The optical band width is found at the intersection of the photons' energy axis. The ratio 

       against    yields a line show allowed direct optical transition   
    for all studied 

sample thicknesses, Fig. (12), while Fig. (11) depicts a straight path illustrating the 

allowed values of indirect optical transitions   
    .The photon energy axis (hν) 

intersected with the linear component to zero absorption at the extrapolation's intersection 

point to yield the energy gaps   
   and   

   , which were then entered into the Table 3. 

 
Fig.(11) (        versus    for                              films of different 

thicknesses. 
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Fig. (12) (      with    for                               films of different thicknesses. 

 Table 3 shows that increasing film thickness associated with changing the predicted 

energy gap of thin films from 1.68 eV to 1.38 eV for allowed direct transitions and from 

1.28 eV to 1.05 eV for allowed indirect transitions. The following interpretation of the 

thickness's impact on the optical band gap is possible: The transmittance typically drops 

and switches to higher wavelengths as the thin film thickness grows. This causes the 

optical absorption edge to shift in the direction of higher wavelengths, which lowers the 

optical gap energy Sandomirskii [79]. The way that increasing film thickness alters the 

optical energy gap may be connected to a rise in defects that cause localized states (L.S) 

to form in the gap and subsequently cause the film band gaps to shrink. In addition, 

selenium atoms' lone-pair electrons form L.S at the top of V.B tail and the bottom of C.B. 

These created L.S states cause the forbidden band gap to contract, the tail to broaden, and 

as a result, the band gap width to decrease [79 -82].  

The defects, likely resulting from the existence of structural defects, and decreasing of 

long-range order generally broaden the edges of amorphous material band. Consequently, 

the disorder of the system and the band tail width are increased by L.S at or near the 

edges band [69]. The obtained values of the energy gap in our study are agreement with 

that reported by Huda Allah Abou-Elnour et all.   (  
           ,   

        eV) [64].  

 Finding the dielectric constants     &   ) at high frequency (f). 

    There are two ways to get dielectric constant ɛ at high frequency using (n) data [83]. 

The first approach describes how the lattice vibrational mode of dispersion and free 

carriers contribute to the real dielectric constant (  ). It is well known that, as opposed to 

the complex refractive index, N=n-  , the complex dielectric constant has a direct 
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relationship with the electronic transition in a particular material., 
* 

= (1 - i2).  How 

free carriers contribute to (  ) could be clarified [66, 69]. 

                                            (1) 

 where    
*


mc

Ne

o


22

2

4
      and          ⁄  

   

  
  

  

where c ( velocity of light), o ( dielectric constant for free space), e ( charge of electron), 

   ( lattice dielectric constant), 
*mN  (ratio of density concentration of free charge 

carriers to  effective mass) . p
( plasma frequency) (The resonance frequency for 

electrons' free variations about their state of equilibrium) and calculated by the ratio: 

 
  

      

     
                            (2) 

The dielectric constant for free and bound electrons (     )  is evaluated in non-

absorbing (transparent) region (k ≈ 0), with the imaginary part being       . Fig (13) 

shows the variation of the real part   versus   . Therefore, using Eq. (19) the relation 

yields a straight line. As film thickness increases, Fig .(13) illustrates that the value of ε1 

rises. A good response of the amorphous films is revealed by these well-obtained results 

and the effectiveness of dielectric parameters [80].  The values of N /    and     were 

acquired from vertical axis' intersection point and slope, and these results were utilized to 

get the plasma frequency shown in Table 4. From this table we see that when the film 

thickness increases, N /    rises. This implies a rise in the concentration of charge 

carriers is linked to an increase of thickness. One possible explanation for this is the 

increased concentration of Se atom lone-pair electrons with increasing film thickness 

[80].  
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Fig.(1). plots of      against λ
2
 for                             thin films. 

Table 4    , ꝏ, ωP and λₒ values for                              Films of different 

thicknesses. 

The second approach, however, is dependent on dispersion which results from the 

linked carriers in an unfilled lattice. Applying a basic classical dispersion relation, the 

high f characteristics of the films are represented as a single oscillator with wavelength λo 

at high f [84]. The refraction index of the empty lattice no at infinite wavelength λo, no is 

given: 

   
    

      
    (lo/l)

2
                (20) 

where lo and no were determined from the relation between (n
2
 –1)

-1
 and   l

-2
  Fig.(14). 

While lo was calculated from the slopes, values of no
2
 were acquired by extending lines 

to the y-axis.; values of ꝏ; (ꝏ =   
 ) and lο are shown in Table 4. 

 
Fig. (14) (n

2
-1)

-1 
versus λ

-2
 for                             thin films. 
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λ ₒ 

(nm) 

245.55 nm 7.5 7.50 1.23E+56
 

2.18 x10
14

 5.29E-07 

388.32 nm 9.5 9.50 2.45E+56
 

2.73 x10
14

 5.38E-07 

481.33 nm 12.8 12.80 3.68E+56 2.88 x10
14

 5.51E-07 

583.09 nm 14 13.99 4.91E+56 3.18x10
14

 5.56E-07 
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 The Wemple-DiDomenico (WDD Model) with Dispersion Energy Parameters. 

Utilizing the single-oscillator method beneath the band gap at the visible to near-

infrared region, the Wimple–DiDomenico (WDD) model [84, 85] is dependent on the n 

data, which is: 

     
    

  
       

                                (21) 

where Ed ( dispersion energy), which serves as a gauge for the strength of the inter-band 

transitions, and Eₒ ( single oscillator energy) [74]. From the perspective of the 

fundamental empirical laws governing many semiconductors, these parameters are 

extremely valuable [86]. This is because the dispersion is important in the design of 

spectral dispersion devices and optical communication [74], and it influences the choice 

of optical material. Understanding the physical properties of materials is significantly 

aided by various optical parameters, such as Ed and Eo. These parameters give important 

details about the material's energy transitions, optical behavior, and electronic structure.  

Eo is energy that can excite an electron from V.B into C.B, or the average oscillator 

energy. It describes the material's fundamental electronic transitions. Stated differently, 

Eo represents the material's bandgap energy, which establishes its characteristics for 

absorption and transmission [87 - 89]. 

However, Ed stands for the average dispersion energy, or the energy needed to excite 

electrons in the conduction band to higher energy levels. It sheds light on the material's 

dispersion behavior and electron-phonon interactions. Ed has to do with the material's 

ability for optical dispersion and its non-linear optical characteristics. We can understand 

the material's energy band structure, electronic and lattice interactions, and overall optical 

response by interpreting these optical parameters from a physical meaning perspective. 

Researchers can learn more about the material's potential applications in photonics, 

optoelectronics, and energy harvesting by examining these parameters [78-89]. 

The    and    parameters for the specimen were got by plotting (n
2
-1)

-1
 versus (hυ)

2
. As 

seen fig. (15), a straight line was fitted to the lower energy data. Table 5 lists the two 

relations  were utilized to obtain the single oscillator dispersion parameters, Ed and Eo: 

the intercept (Eo/Ed) and the slope (Eo Ed)
-1

.     ( static high frequency dielectric 

constant),    
   (wimple-DiDomenico  band gap)  and ( static refractive index       at 

hν  0) , were all computed with the aid of the parameters Ed and Eo were  

      √  
  

  
       ,                 ɛs = (ns(0))

2          
and     

   
  

 
  [84]. 
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 values of Eo, Ed,      ,   , and   
  are shown in table 5 for different thicknesses. 

 

 
Fig.(15). (n

2
-1)

-1
 with (hυ)

2
 for                              Thin films. 

Table 5. the Wemple–DiDomenico parameters for                             films. 

Thickness 

t (nm) 

Ed 

(eV) 

Eο 

(eV) 
ns (0) εs 

  
   

(eV) 

245.55 nm 13.06 2.38 2.55 6.49 1.19 

388.32nm 16.40 2.35 2.83 7.99 1.17 

481.33 nm 21.88 2.29 3.24 10.52 1.15 

583.09 nm 22.93 2.23 3.36 11.30 1.11 

Table 5 showed that while single oscillator energy Eo decreases as film thickness 

increases, oscillator strength (dispersion energy) Ed , εs and ns (0) increase. 

 Quantitative data regarding the material's overall band structure was estimated from the 

average Eo gap. More specifically, the WDD gap—the separation between centers of 

gravity of V.B and C.B —is what is meant to be understood by the     parameter. As a 

result, it is linked to the cohesive energy or average bond strength of the composition. 

 Modeling the optical constants using ANN model 

The goal of this research's theoretical component is to model and forecast the 

optical constants for                              thin films using back propagation 

artificial neural network (BPANN). Simulation and prediction were done y using Matlab 
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programming language interface (2017a). Eight individual neural networks (ANN1-

ANN8) are separately trained based on experimental data of T, refractive index, R, K, 

logα, ε,        and          respectively. Three subsets of the data are used:  

training set 70%,  test set 15% and validation set 15%. The ANN (1-8 ) models are 

perfectly trained using the input parameters table 6. Table 6 introduces the number of 

hidden tiers, neurons, inputs, number of training (epochs), MSE, R and finally output for 

eight individual networks. There was an input tier, hidden tier and output tier as shown in 

Fig. (16). The input tier consists of 2 neurons and output tier consists of one neuron. 

 The neurons number of hidden tier was fixed by trial and error method.  Fig. (16) 

shows the network for the first ANN. Levenberg-Marqudt (LM) algorithm is the one 

being employed. The trainlm function is used for the training procedure in accordance 

with this algorithm. Trainlm is a function for training networks that relies on updating 

weights and biases. Tansig is a good activation function to utilize for hidden layers, and 

purelin is a good choice for the output layer. Tansig is the activation function that 

exemplifies optimal performance. The best MSE value is what the ANN aims to achieve 

about (10
-5

) and regression coefficient about (1) according to Eq. (7) and (8)   

respectively. As seen in Fig. 17 (a-h), the network's MSE value decreased from a large 

number to a lesser value.  Regression coefficient for the first network (ANN1) is 

presented in Fig. (18).  The appendix contains a thorough explanation of the training 

algorithm. The ANN modeling results are presented in Figs. 19(a-h). Solid line curves are 

used to illustrate the simulated ANN results. Symbols are used to represent experimental 

data. Additionally, dashed lines are used to depict the expected ANN results.  Figs. 19 (a-

h) introduce the ANN trained, validation, testing and prediction results for T, refractive 

index, R, K, logα, ε,        and         respectively for the studied films of 

thicknesses 245.55, 338.32, 481.33 and 583.09 nm.  From Figs. 19(a-h), it is seen that the 

experimental data symbols and the simulation ANN curves nearly coincided, indicating 

very good simulation results. According to this excellent agreement, we have used ANN 

to predict                              at thickness 100 and 430 nm   especially in the 

areas where no experimental data are available to compare with.  

 
Fig.(16). (Color online) An illustration of the fundamental formal neuron network for 

optical constant T of                             thin film. 
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Table 6. ANN parameters that are employed in the estimation the of optical constants for      

                                             thin film. 

 

The 

Trained     

ANN 

 

HL

s 

 

ANs 

 

 

Inputs 

 

 

epoch

s 

 

MSE 

Training 

70% 

 

MSE 

Validatio

n 

15% 

 

MSE 

testing 

15% 

 

R 

traini

ng 

 

R 

Validat

ion 

 

R 

Testing 

 

Out- 

puts 

 

Net. 1 1 10,1 2 (λ, t) 181 5.484 
     

6.142 
     

6.066 
     

0.997 0.997 0.997 T 

Net. 2 1 10,1 2(λ, t) 112 3.032 
     

3.652 
     

3.562 
     

0.991 0.991 0.989 R 

Net. 3 1 4,1 2 (λ, t) 183 2.437 
     

2.674 
     

2.892 
     

0.999 0.999 0.999 n 

Net. 4 1 10,1 2(λ, t) 209 5.284 
     

5.708 
     

2.673 
     

0.999 0.999 0.999 K 

Net. 5 1 10,1 2 (    ) 810 3.542 
     

3.281 
     

4.030 
     

0.999 0.999 0.999 logα 

Net. 6 1 10,1 2 (    t) 1000 5.651 
     

5.785 
     

8.227 
     

0.999 0.999 0.999    

Net. 7 1 8,1 2 (   , 

t) 

84 2.488 
     

2.394 
     

2.1126 
     

0.999 0.999 0.999 (n
2
-1)

-1
 

Net. 8 1 6,1 2(

         

83 5.582 
     

6.304 
     

5.524 
     
 

0.999 0.999 0.999 (n
2
-1)

-1
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(a)    
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Fig. 17 (a-h) (color online) Top training, validation, and test sets for optical constants T, 

refractive index, R, K, logα, ε,        and         respectively of 

                            thin film. 

 

Fig. (18).   Regression coefficients (R) for the test, validation, and training sets for optical 

constant T(ANN1) of                             thin film. 

(a)     
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Fig. 19 (a-h). Experimental data, simulated and predicted outcomes from ANN model 

for optical constants T, refractive index, R, K, logα, ε,        and          

respectively of                             films at different thickness. 

 

Conclusion: 

Thin films of                             were synthesized by thermal 

evaporation. X-ray analysis indicated the amorphous character of the studied films. Using 

T(λ), the optical parameters (n, K, and α),   
   

  and Ee were computed. The absorption 

mechanism's attribution to permitted direct and indirect transitions was verified by the 

optical absorption analysis.  For allowed direct transition, the calculated energy gap of 

                            thin films changed from 1.68 eV to 1.38 eV and for allowed 

indirect transitions, drop from 1.28 eV to 1.05 eV as film thickness increases.  The effect 

of increasing film thickness on the optical energy gap may be connected to a rise in 

structural defects that cause the film band gaps to shrink. Furthermore, the formed 

localized states cause the forbidden bandgap to contract, the tail to broaden, and as a 

result, the bandgap width to decrease. The dispersion parameters (Ed, Eo,    , and N/m*) 

were determined, when film thickness increases, Ed and    both rise. However, Eo falls. 

According to the previous results we may conclude that these materials are suitable for 

optical data storage due to their high absorption coefficient and other relevant parameters. 

 ANN is used to understand the effect of variation thicknesses on the optical constants of 

                           thin films. The experimental data are employed as inputs in 

ANN model. ANN networks configurations which produce the minimum error are 

obtained. 

The ANN simulated results of the optical characteristics of                            

thin films are obtained and compared with the experimental data providing a successful 

agreement. A mathematical equation that describes the optical behavior and predictions 

for values that are absent from the experimental data are obtained for the under study thin 
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films. It is clear from the research results that ANN model gives high precision and great 

performance for simulating and predicting optical constants and related parameters. That 

introduces ANN model as an effective prediction tool that could be applied in a widely 

used modeling different areas in physics.  
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Appendix A: 

The formula that explains optical constants for                             filmis given by: 

Optical constants = purelin [net. LW{2,1} tansig (net. IW{1,1}R+net.b{1))+net.b{2}] 

where, 

R is the information (inputs ) 

net.IW{1,1} and  net.L W{1,1} are  linked weights between the input layer, hidden layer and 

output layer respectively. 

net.b{1) and  net.b{2) are  the bias of the hidden and output layer.  

Appendix B: 

Weight and bias for ANN1(T) was given as follows: 
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Weight and bias for ANN2 (R) was given as follows: 
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Weight and bias for ANN3 (n) was given as follows: 

 

   (

                                       
                                      

                                      
                                       

) 

 

  
                                                                                   
 

   (

                    
                    
                   
                   

) 

                        
Weight and bias for ANN4 (K) was given as follows: 
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Weight and bias for ANN5 (logα) was given as follows: 
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Weight and bias for ANN6 (ε) was given as follows: 
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Weight and bias for ANN7          was given as follows: 
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Weight and bias for ANN8         was given as follows: 

   

(

 
 
 

                                     
                                     
                                     
                                     

                                       
                                      )

 
 
 

 

 

                                                           
 

   

(

 
 
 

                   
                  
                   
                  
                   
                   )

 
 
 

 

 

                        

 



A.M.Shakra, et. al.                                                                                     68 
 

 

References: 

[
1
] J.G.Hernandez, E.L.Cruz, M.. Limon, B.B.Strand, S.R. Chao, Ovshinsky, ''The Raman 

spectra of the as-deposited'' Solid State Commun. Vol.95 (1995) 593. 

Doi.org/10.1016/0038-1098(95)00335-5 

[
2
] A. M. Ismail, E. G. El-Metwally, ''Insight on the optoelectronic properties of novel 

quaternary Ge–Se–Tl–Sb non-crystalline glassy alloy films for optical fiber sensing 

devices''. Eur. Phys. J. Plus Vol. 139 (2024) 211. 

 

https://doi.org/10.1140/epjp/s13360-024-05012-6 

[
3
] M. S.El-Bana, R. Bohdan, S. S.Fouad,'' Optical characteristics and holographic 

gratings recording on As30Se70 thin films''. Journal of Alloys and Compounds, vol.686 

(2016) 115-121. 

Doi.org/10.1016/j.jallcom.2016.05.196 

[
4
] M.Iovu, D.Harea, I. Cojocaru, E. Colomeico., A.Prisacari, V. Ciorba, ''Optical 

properties and photoinduced absorption in As-Se and As2Se3: Sn thin films''. Journal of 

Optoelectronics and Advanced Materials, vol. 9, 10 (2007) 3138-3142. 

Doi.org/288044193.films 

[
5
] D. Lezal, ''Chalcogenide glasses - Survey and progress''. J. Optoelectron. Adv. Mater. 

Vol.5, 1 (2003)  23–34. 

Doi.researchgate.net/publicatiss 

[
6
] A. K. Varshneya, ''Fundamentals of Inorganic Glasses''. Elsevier. (2019) 

Doi.org/10.1016/C2017-0-04281-7 

[
7
] S.Mishra, P. Kumar Singh, R.K. Yadav, A. Umar, P. Lohia, D.K. Dwivedi, 

''Investigation of Glass Forming Ability, Linear and Non-Linear Optical Properties of Ge-

Se-Te-Sb Thin Films''. Chem. Phys.  Vol.541 (2021)  111021.  

Doi.org/10.1016/j.chemphys.2020.111021 

[
8
] V.Anupama, S. Thomas, ''Correlation between Physical, Thermal and Optical 

Properties of Ge-Se-Sb Chalcogenide Glasses''. AIP Conf. Proc.  Vol.1849 (2017)  

4984167. 

Doi.org/10.1063/1.4984167  

[
9
] J.A.Savage,'' Infrared Optical Materials and their Antireflection Coatings''. Adam 

Hilger, Bristol. Vol 17(1985) 273. 

https://doi.org/10.1016/0038-1098(95)00335-5
https://doi.org/10.1016/j.jallcom.2016.05.196
https://www.researchgate.net/publication/288044193_Optical_properties_and_photoinduced_absorption_in_As-Se_and_As_2Se3Sn_thin_films
https://www.researchgate.net/publication/228475207_Chalcogenide_Glasses-Survey_and_Progress
https://doi.org/10.1016/C2017-0-04281-7
https://doi.org/10.1016/C2017-0-04281-7
https://doi.org/10.1016/j.chemphys.2020.111021
https://doi.org/10.1063/1.4984167


Egypt J. Solids, Vol. (46) (2024)                                                                69 
 

 
 

Doi.org/10.1016/0030-3992(85)90043-X 

[
10

] S.R.Elliott, '' Physics of Amorphous Materials''. Longman, New York. (1990) 

 Doi.org/10.1002/crat.2170200922 

[
11

] Z.Cimpl, F.Kosek, '' Refractive index of As2−xSbxS3 and As2−xSbxSe3 Systems'' 

Phys. Phys. Stat. Sol. (a) vol.93 (1986)  K55. 

Doi.org/10.1002/pssa.2210930164 

[
12

] P.Priyadarshini, S. Das, R. Naik, ''A Review on Metal-Doped Chalcogenide Films 

and Their Effect on Various Optoelectronic Properties for Different Applications''. RSC 

Adv. Vol.12 (2022) 9599–9620.  

Doi.org/10.1039/D2RA00771A 

[
13

] X. Zhang, H. Ma, J. Adam, J. Lucas, G. Chen, D. Zhao, '' Thermal and Optical 

Properties of the Ga-Ge-Sb-Se Glasses''. Mater. Res. Bull.  Vol.40 (2005) 1816–1821.  

[
14

] H. Guo, H. Zhang, L. Liu, X. Xiao, 'G. Farrell, '' Industrial, Medical and Military 

Applications of Fluoride and Chalcogenide Glass Fibers'' Springer: Singapore (2022) 

327–370.  

Doi.org/10.1016/j.materresbull.2005.05.003 

[
15

] S.Mishra, P. Lohia, D.K. Dwivedi, ''Structural and Optical Properties of 

(Ge11.5Se67.5Te12.5)100−x Sbx (0 ≤ x ≤ 30) Chalcogenide Glasses'' A Material for IR 

Devices. Infrared Phys. Technol. Vol.100 (2019) 109–116.  

Doi.org/10.1016/j.infrared.2019.05.001 

[
16

] R. Mondal, D. Biswas, S. Paul, A.S.Das, C. Chakrabarti, D.Roy, S. Bhattacharya, S. 

Kabi, ''Investigation of microstructural, optical, physical properties and dielectric 

relaxation process of sulphur incorporated selenium–tellurium ternary glassy systems''. 

Mater. Chem. Phys. Vol.257 (2021) 123793. 

Doi.org/10.1016/j.matchemphys.2020.123793 

[
17

] A.M.Shakra, E.G. El-Metwally, '' Determination of allowed transition types and the 

optical parameters of Se–Ge–Ag chalcogenide films''. Eur. Phys. J. B vol.91 (2018) 245. 

Doi.org/10.1140/epjb/e2018-90273-7 

[
18

] A.M.Shakra, M. Fadel, A.E. Kalila, '' The effect of cadmium and zinc additives on 

the transition temperatures and crystallization kinetics of glassy Se98Te alloy''. Indian J. 

Phys. Vol. 95(4) (2020) 595-606. 

Doi.org/10.1007/s12648-020-01715-5  

https://doi.org/10.1016/0030-3992(85)90043-X
https://doi.org/10.1002/crat.2170200922
https://doi.org/10.1002/pssa.2210930164
https://doi.org/10.1039/D2RA00771A
https://doi.org/10.1016/j.materresbull.2005.05.003
https://doi.org/10.1016/j.infrared.2019.05.001
https://doi.org/10.1016/j.matchemphys.2020.123793
https://doi.org/10.1140/epjb/e2018-90273-7
http://dx.doi.org/10.1007/s12648-020-01715-5


A.M.Shakra, et. al.                                                                                     70 
 

 

[
19

] A. M. Shakra,I. S. Yahia,S. S. Shenouda, ''Determination of the refractive index of 

indigo dye thin film/flexible polyacetate substrate''. Optical and Quantum Electronics 

vol.55 (2023) 823.  

Doi.org/10.1007/s11082-023-05014-1 

[
20

] A.S.Hassanien, L. Sharma,''Optical Properties of Quaternary A-

Ge15−xSbxSe50Te35 Thermally Evaporated Thin-Films: Refractive Index Dispersion 

and Single Oscillator Parameters'' Optik, vol.200 (2020) 163415 

Doi.org/10.1016/j.ijleo.2019.163415 

[
21

] I.Pethes, R. Chahal, V.Nazabal, C. Prestipino, S. Michalik, J. Darpentigny, P. Jóvári, 

'' Chemical Order in Ge-Ga-Sb-Se Glasses''. J. Non. Cryst. Solids vol.484 (2018) 49–56.  

Doi.org/10.1016/j.jnoncrysol.2018.01.017 

 [
22

] M.A.Abdel-Rahim, M.M. Hafiz, A.Z. Mahmoud, '' Effect of Sb Additive on 

Structural and Optical Properties of Se–Te–Sb Thin Films''. Appl. Phys. A Mater. Sci. 

Process.vol.118 (2015) 981–988.  

Doi.org/10.1007/s00339-014-8853-x 

[
23

] C.Liu, Y. Yuan, L. Cheng, J. Su, X. Zhang, X. Li, H. Zhang,'' Study on Optical 

Properties of Sb2Se3 Thin Films and Resistive Switching Behavior in Ag/Sb2Se3 /W 

Heterojunctions''. Results Phys.  vol.13 (2019) 102228.  

Doi.org/10.1016/j.rinp.2019.102228 

[
24

] Z. G. Ivanova, V. Pamukchiva, and M. Vlcek., ''On the structural phase 

transformations in GexSb40−xSe60 glasses''. Journal of Non-Crystalline Solids, vol.580 

(2001) 293-295.  

Doi.org/10.1016/S0022-3093(01)00842-0 

[
25

] S. Mahadevan and A. Giridhar, ―Floppy to rigid transition and chemical ordering in 

Ge—Sb(As)—Se glasses ’’. Journal of Non-Crystalline Solids, vol.143 ( 1992)  52–58.  

Doi.org/10.1016/S0022-3093(05)80552-6 

[
26

] P. Kumar,  J. Kaur, S. K. Tripathi &   I. Sharma , ''Effect of antimony (Sb) addition 

on the linear and non-linear optical properties of amorphous Ge–Te–Sb thin films''. 

Indian J. Phys., vol.91 (2017)  1503-1511. 

Doi.org/10.1007/s12648-017-1053-8 

[
27

] N.S.Saxena, '' Phase Transformation Kinetics and Related Thermodynamic and 

Optical Properties in Chalcogenide Glasses''. J. non-Cryst. Solids, vol. 345(2004) 161–

168.  

https://doi.org/10.1007/s11082-023-05014-1
https://doi.org/10.1016/j.ijleo.2019.163415
https://doi.org/10.1016/j.jnoncrysol.2018.01.017
https://doi.org/10.1007/s00339-014-8853-x
https://doi.org/10.1016/j.rinp.2019.102228
https://doi.org/10.1016/S0022-3093(01)00842-0
https://doi.org/10.1016/S0022-3093(05)80552-6
https://link.springer.com/article/10.1007/s12648-017-1053-8#auth-P_-Kumar-Aff1
https://link.springer.com/article/10.1007/s12648-017-1053-8#auth-J_-Kaur-Aff2
https://link.springer.com/article/10.1007/s12648-017-1053-8#auth-S__K_-Tripathi-Aff2
https://link.springer.com/article/10.1007/s12648-017-1053-8#auth-I_-Sharma-Aff3
https://doi.org/10.1007/s12648-017-1053-8


Egypt J. Solids, Vol. (46) (2024)                                                                71 
 

 
 

Doi.org/10.1016/j.jnoncrysol.2004.08.016 

[
28

] E.V.Karaksina, V.S. Shiryaev, A.I. Filatov, A.D. Plekhovich,  ''Effect of Ge-Rich Ga-

Ge-Sb-Se Glass Composition on the Optical and Thermal Properties''. Opt. 

Mater.  Vol.104 (2020) 109943.  

Doi.org/10.1016/j.optmat.2020.109943 

[
29

] M.I. Alonso, K. Wakita, J. Pascual, N. Yamamoto, ―Optical functions and electronic 

structure of CuInSe2, CuGaSe2, CuInS2, and CuGaS2‖.  Phys. Rev. B.vol 63 (2001) 

75203. 

Doi.org/10.1103/PhysRevB.63.075203 

[
30

] Xiaoshu Jiang, W.R.L. Lambrecht, ―Electronic band structure of ordered vacancy 

defect chalcopyrite compounds with formula II−III2−VI4.‖ Phys. Rev. B.vol 69 (2004), 

035201.   

Doi.org/10.1103/PhysRevB.69.035201 

[
31

] R. Marquez, C. Rincon, ―On the Dielectric Constants of AIBIIIC Chalcopyrite 

Semiconductor Compounds ―Phys. Status Solidi. Vol 191 (1995) 115.   

Doi.org/10.1002/pssb.2221910112 

[
32

] Zhang, X.; Ma, H.; Adam, J.L.; Lucas, J.; Chen, G.; Zhao, D., ―Thermal and Optical 

Properties of the Ga-Ge-Sb-Se Glasses‖. Mater.Res. Bull. vol 40, (2005)1816–1821. 

[CrossRef] 

Doi.org/10.1016/j.materresbull.2005.05.003 

[
33

] Liu, K.; Kang, Y.; Tao, H.; Zhang, X.; Xu, Y. ―Effect of Se on Structure and 

Electrical Properties of Ge-As-Te Glass‖. Materials. Vol 15, (2022)1797. [CrossRef]  

Doi.org/10.3390/ma15051797 

 

[
34

] Guo, H.; Zhang, H.; Liu, L.; Xiao, X.; Farrell, G. ―Industrial, Medical and Military 

Applications of Fluoride and Chalcogenide Glass Fibers.‖ Springer: Singapore, (2022); 

pp. 327–370. [CrossRef] 

 

Doi.org/10.1007/978-981-16-7941-4_9 

 

[
35

] Priya Kush, and Sasanka Deka, ―Multifunctional Copper-Based Quaternary 

Chalcogenide Semiconductors Toward State-of-the-Art Energy Applications.‖ 

ChemNanoMat . vol 5 (2019) 373–402 Sasanka Deka.   

  

Doi.org/10.1002/cnma.201800321 

 

https://doi.org/10.1016/j.jnoncrysol.2004.08.016
https://doi.org/10.1016/j.optmat.2020.109943
https://doi.org/10.1103/PhysRevB.63.075203
https://doi.org/10.1103/PhysRevB.69.035201
https://doi.org/10.1002/pssb.2221910112
https://doi.org/10.1002/pssb.2221910112
https://doi.org/10.1016/j.materresbull.2005.05.003
http://dx.doi.org/10.3390/ma15051797
https://doi.org/10.1007/978-981-16-7941-4_9
https://onlinelibrary.wiley.com/authored-by/Kush/Priya
https://onlinelibrary.wiley.com/authored-by/Deka/Sasanka
https://doi.org/10.1002/cnma.201800321


A.M.Shakra, et. al.                                                                                     72 
 

 

[
36

] Muneer Ahmad, J. Kumar, R. Thangaraj, ―Electrical and optical properties of 

Sn10Sb20_xBixSe70 glassy films.‖ Journal of Non-Crystalline Solids. vol 355(2009) 

2345–2348.  

 

 Doi.org/10.1016/j.jnoncrysol.2009.08.015 

 

[
37

] Vandita Rao, N. Chandel, N. Mehta & D. K. Dwivedi, ― Effect of antimony on glass 

transition and thermal stability of Se78−xTe18Sn2Sbx (x = 0, 2, 4 and 6 at.%) 

multicomponent glassy alloys‖. Journal of Thermal Analysis and Calorimetry. Vol (2018) 

134 915-922 .  

 

  Doi.org/10.1007/s10973-018-7309-5 

 

[
38

] Wencong Shi, Tribhuwan Pandey, Lucas Lindsay, and Lilia M. Woods., ―Vibrational 

properties and thermal transport in quaternary chalcogenides: The case  of Te-based 

compositions‖. Physical review materials. vol 5 (2021), 045401. 

 

 Doi.org/10.1103/PhysRevMaterials.5.045401 

 

[
39

] B.A. Mansour, S.A. Gada, Hoda Mohamed Eissa, ―effect of γ-irradiation on the 

optical and electrical properties of PbxGe42−xSe48Te10‖. Journal of Non-Crystalline 

Solids.vol  412 ( 2015) 53-57.  

 

Doi.org/10.1016/j.jnoncrysol.2015.01.006 

 

[
40

] Borah, D.J.; Mostako, A.T.T., ―Investigation on Dispersion Parameters of  

Molybdenum Oxide Thin Films via Wemple-DiDomenico (WDD) Single Oscillator  

Model‖. Appl. Phys. A. vol 126 (2020) 818. 

 

 Doi.org/10.1007/s00339-020-03996-3 

 

[
41

] Singh, P.; Kumar, R., ―Investigation of Refractive Index Dispersion Parameters   of 

Er Doped ZnO Thin Films by WDD Model‖. Optik.vol 246 (2021) 167829.  

 

Doi.org/10.1016/j.ijleo.2021.167829 

 

 [
42

] Hassanien, A.S.; Sharma, I.; Akl, A.A., ―Physical and Optical Properties of A-Ge-

Sb-Se-Te Bulk and Film Samples: Refractive Index and Its Association with Electronic 

Polarizability of Thermally Evaporated a-Ge15-XSbxSe50Te35 Thin-Films‖. J. Non. 

Cryst. Solids.vol 531(2020), 119853. 

 

https://doi.org/10.1016/j.jnoncrysol.2009.08.015
https://doi.org/10.1007/s10973-018-7309-5
https://doi.org/10.1103/PhysRevMaterials.5.045401
https://www.sciencedirect.com/journal/journal-of-non-crystalline-solids
https://www.sciencedirect.com/journal/journal-of-non-crystalline-solids
https://www.sciencedirect.com/journal/journal-of-non-crystalline-solids/vol/412/suppl/C
https://doi.org/10.1016/j.jnoncrysol.2015.01.006
https://doi.org/10.1007/s00339-020-03996-3
https://doi.org/10.1016/j.ijleo.2021.167829


Egypt J. Solids, Vol. (46) (2024)                                                                73 
 

 
 

Doi.org/10.1016/j.jnoncrysol.2019.119853 

 

[
43

] Abdel-Wahab, F.; Ali Karar, N. N.; El Shaikh, H.A.; Salem, R.M., ―Effect of Sb on 

the Optical Properties of the Ge-Se Chalcogenide Thin Films‖. Phys. B Condens. Matter. 

vol 422 (2013) 40–46.  

Doi.org/10.1016/j.physb.2013.04.010 

 

 [
44

] J. Tauc, R. Grigorovici, A. Vancu., ―Optical properties and electronic structure of 

amorphous germanium‖. Physica Status Solidi (b). vol 15 (1966) 627-637. 

Doi.org/10.1002/pssb.19660150224 

[
45

] S.S. Fouad, M.S. El-Bana, P. Sharma, V. Sharma., ―Analysis of chemical ordering 

and fragility for Ge–Se–In glasses‖. Applied Physics A. vol 120 (2015) 137-143. 

Doi.org/10.1007/s00339-015-9180-6 

 [
46

] A.A. Attia, M.M. El-Nahass, M.Y. El-Bakry, D.M. Habashy, ―Neural networks 

modeling   for refractive indices of semiconductors‖. Optics Communications. vol 287 

(2013) 140-144. 

Doi.org/10.1016/j.optcom.2012.09.016  

[
47

] Ch. Bourouis, A. Meddour, A.K. Moussaoui, ―Determination of optical properties of 

Al80Mn20 quasi-crystalline alloy using neural networks.‖ Journal of Molecular 

Structure: THEOCHEM. vol 777 (2006) 45-51.  

Doi.org/10.1016/j.theochem.2006.08.010 

 

[
48

] A. A. Attia, M. S. El-Bana, D. M. Habashy, S.S. Fouad, ―Optical constants 

characterization of As30Se70−xSnx thin films using neural networks‖. Journal of Applied 

Research and Technology. Vol 15 (2017) 423.  

Doi.org/10.1016/j.jart.2017.03.009  

[
49

] M. F. Tabet, W. A. McGahan, ―Use of artificial neural networks to predict thickness 

and optical constants of thin films from reflectance data‖. Thin Solid Films. vol 370 

(2000). 122-127. 

 Doi.org/10.1016/S0040-6090(00)00952-4  

[
50

] L. Fan, A. Chen, T. Li, J. Chu, Y. Tang, J. Wang, M. Zhao, T. Shen, M. Zheng, F. 

Guan, H. Yin, L. Shi, J. Zi, ―Thin-film neural networks for optical inverse problem.‖ 

Light: Advanced Manufacturing. (2021).  

   Doi.org/10.37188/lam.2021.027  

[
51

] S. M. Kim, S. Dildar, Haider Naqvi, M. G. Kang, H. Song, and S. Ahn, ―Optical 

Characterization and Prediction with Neural Network Modeling of Various 

Stoichiometries of Perovskite Materials Using a Hype regression Method.‖ 

Nanomaterials. vol 12 (2022) 932.  

Doi.org/10.3390/nano12060932   

 

https://doi.org/10.1016/j.jnoncrysol.2019.119853
https://doi.org/10.1016/j.physb.2013.04.010
https://doi.org/10.1002/pssb.19660150224
https://doi.org/10.1007/s00339-015-9180-6
https://doi.org/10.1016/j.optcom.2012.09.016
https://doi.org/10.1016/j.optcom.2012.09.016
https://doi.org/10.1016/j.theochem.2006.08.010
https://doi.org/10.1016/j.jart.2017.03.009
https://doi.org/10.1016/j.jart.2017.03.009
https://doi.org/10.1016/S0040-6090(00)00952-4
https://doi.org/10.37188/lam.2021.027
https://doi.org/10.3390/nano12060932


A.M.Shakra, et. al.                                                                                     74 
 

 

[
52

] T. I. Haweel, M. Y. El-Bakry, K. A. El-Metwally, ―Hadron–hadron interactions at 

high energy via Rademacher functions.‖ Chaos, Solitons & Fractals. vol 18 (2003) 159-

168.  

 

Doi.org/10.1016/S0960-0779(02)00581-7  

 

[
53

] H. A. M. Ali and D M Habashy, ―The electrical impedance, AC conductivity and 

dielectric properties of phenol red compound investigated and modeled by an artificial 

neural network, Commun‖. Theor. Phys.vol 72 (2020) 105701. 

 

Doi.org/10.1088/1572-9494/aba24d 

 

[
54

] A.M.A. El-Barry, R. A. Mohamed. ―Modeling of Photovoltaic characteristics of 

pyronine thin film/P-Si single‖. Material Research Express. Vol 6 (2019) 076419-

076431. 

 

Doi.org/10.1088/2053-1591/ab0a34  

[
55

] R. A. Mohamed, ―Modeling of electrical properties of nanofluids using artificial 

neural network.‖ Physica Scripta. Vol 94 (2019) 105222-105233.  

 

Doi.org/10.1088/1402-4896/ab1939   

[
56

] R. A. Mohamed," Prediction of AC conductivity for organic semiconductors based on 

artificial neural network ANN model.‖ Material Research Express. vol 6 (2019) 085107-

085121. 

 

Doi.org/10.1088/2053-1591/ab250a  

 

[
57

] H.A.M. Ali, E.F.M. El-Zaidia, R.A. Mohamed, ―Experimental investigation and 

modeling of electrical properties for phenol red thin film deposited on silicon using back 

propagation artificial neural network‖. Chinese Journal of Physics. vol 67 (2020) 602–

614. 

 

 Doi.org/10.1016/j.cjph.2020.07.018  

 

[
58

] R. A. Mohamed, ―Application of artificial neural network model for prediction of 

thermo–physical properties of carbon nanotubes (CNTs) containing nanofluid.‖ Journal 

of Nanofluids. 8 (2019) 199 – 204.  

 

Doi.org/10.1166/JON.2019.1573 

 

https://doi.org/10.1016/S0960-0779(02)00581-7
https://doi.org/10.1088/1572-9494/aba24d
https://doi.org/10.1088/2053-1591/ab0a34
https://doi.org/10.1088/1402-4896/ab1939
https://doi.org/10.1088/2053-1591/ab250a
https://doi.org/10.1016/j.cjph.2020.07.018
https://doi.org/10.1166/JON.2019.1573


Egypt J. Solids, Vol. (46) (2024)                                                                75 
 

 
 

[
59

] Ö. Kişi, E. Uncuoglu, ―Comparison of three-back-propagation training algorithms for 

two case studies‖.Indian Journal of engineering and materials sciences. Vol 12 (2005) 

434-442. 

 

[
60

] Ch. C. Aggarwal, ―Neural Networks and Deep Learning; A textbook‖. (2018) 

 

Doi.org/10.1007/978-3-319-94463-0 

 

[
61

] A. F. Abd El-Rehim, D. M. Habashy, H. Y. Zahran, H. N. Soliman., ―Mathematical 

Modelling of Vickers Hardness of Sn-9Zn-Cu Solder Alloys Using an Artificial Neural 

Network‖.  Metals and Materials International. vol (2021) 274084–4096. 

 

 Doi.org/10.1007/s12540-020-00940-1  

 

[
62

] D. M. Habashy, Mahmoud Y. El-Bakry, Werner Scheinast, Mahmoud Hanafy., 

―Entropy per Rapidity in Pb-Pb Central Collisions using Thermal and Artificial Neural 

Network (ANN) Models at LHC Energies‖. Chinese Physics C.vol 46 (2022) 073103.  

 

Doi.org/10.1088/1674-1137/ac5f9d 

 

[
63

] J. A. K. Suykens, J. P. L. Vandewalle, B. L. R. De Moor, ―Artificial Neural Networks 

for Modelling and Control of Non-Linear Systems‖. (1996). 

 

 Doi.org/10.1007/978-1-4757-2493-6  

[
64

] El-Metwally, E.G., Hegab, N.A.; Mostfa, M., “Linear and Non-Linear Optical 

Dispersion Parameters of Te81Ge15Bi4 Chalcogenide Glass Thin Films for 

Optoelectronic Applications‖. Phys. B Condens. Matter.vol 626 (2022) 413556.  

 

Doi.org/10.1016/j.physb.2021.413556 

[
65

] Swanepoel, R., ―Determination of the Thickness and Optical Constants of 

Amorphous    Silicon‖. J. Phys. E. vol 16 (1983) 1214. 

 

Doi.org/10.1088/0022-3735/16/12/023 

[
66

] Fadel, M.; Fayek, S. A.; Abou-Helal, M.O.; Ibrahim, M. M.; Shakra, A. M., 

―Structural and Optical Properties of SeGe and SeGeX (X = In, Sb and Bi) Amorphous 

Films‖. J. Alloys Compound. Vol 485 (2009) 604–609. 

 

Doi.org/10.1016/j.jallcom.2009.06.057 

 

[
67

] Huda Allah Abou-Elnour, M. B. S. Osman, M. Fadel and A. M. Shakra, 

―Investigation of the Optical Properties for Quaternary                  (x = 0, 5, 

and10)Chalcogenide Glass‖. Materials. vol 15(2022)6403. 

https://doi.org/10.1007/978-3-319-94463-0
https://doi.org/10.1007/s12540-020-00940-1
https://doi.org/10.1088/1674-1137/ac5f9d
https://doi.org/10.1007/978-1-4757-2493-6
https://doi.org/10.1016/j.physb.2021.413556
http://dx.doi.org/10.1088/0022-3735/16/12/023
https://doi.org/10.1016/j.jallcom.2009.06.057


A.M.Shakra, et. al.                                                                                     76 
 

 

 

Doi.org/10.3390/ma15186403 

 

[
68

] A. M. Shakra, G. F. Salem, ―The optical properties of Se85.26Ge12.92Cd1.81 

thin films on different substrates‖, Optical and Quantum Electronics. vol 53 (2021) 497             

Doi.org/10.1007/s11082-021-03156-8 

 

[
69

] Hegab, N. A.; Farid, A. S.; Shakra, A. M.; Afifi, M. A.; Alrebati, A. M., 

―Compositional Dependence of the Optical Properties of Amorphous Semiconducting 

Glass Se80Ge20−xCdx (0 ≤ x ≤ 12 at. %) Thin Films‖. J. Electron. Mater.vol 45 (2016) 

3332–3339. [Google Scholar]  

 

Doi: 10.1007/s11664-016-4470-0 

[
70

] Bhira, L.; Essaidi, H. ; Belgacem, S. ; Couturier, G.; Salardenne, J.; Barreaux, N.; 

Bernede, J.C.,  ―Structural and Photoelectrical Properties of Sprayed β-In2S3 Thin 

Films‖. physica status solidi (a). Vol 181 (2000) 427-435. [Google Scholar]  

Doi.org/10.1002/1521-396X(200010)181:2%3C427::AID-PSSA427%3E3.0.CO;2-P 

[
71

] Paunovic, P.; Kulisch, W.; Popov, C.; Petkov, P., ―Nanotechnological Basis for 

Advanced Sensors‖; Springer: Berlin/Heidelberg, Germany. vol 53 (2011) 1689–1699 

[CrossRef] 

 

Doi.org/10.1007/978-94-007-0903-4 

 

[
72

] Li, J.; Wu, S.-T., ―Extended Cauchy Equations for the Refractive Indices of Liquid 

Crystals‖. J. Appl. Phys. vol 95 (2004) 896–901. [Google Scholar]  

 

Doi.org/10.1063/1.1635971 

 

[
73

] Urbach, F., ―The Long-Wavelength Edge of Photographic Sensitivity and of the 

Electronic Absorption of Solids‖. Phys. Rev. vol 92(1953) 1324.  

 

Doi.org/10.1103/PhysRev.92.1324 

 

[
74

] Fadel, M.; Yahia, I.S.; Sakr, G.B.; Yakuphanoglu, F.; Shenouda, S.S., ―Structure, 

Optical Spectroscopy and Dispersion Parameters of ZnGa2Se4 Thin Films at Different 

Annealing Temperatures‖. Opt. Communications. Vol 285 (2012) 3154–3161.  

 

Doi.org/10.1016/j.optcom.2012.02.096 

[
75

] Ilican, S.; Caglar, Y.; Caglar, M.; Yakuphanoglu, F.,―The Effects of Substrate 

Temperature on Refractive Index Dispersion and Optical Constants of 

CdZn(S0.8Se0.2)2 Alloy Thin Films‖. J. Alloys Compd., vol 480 (2009) 234–237.  

Doi.org/10.1016/j.jallcom.2009.02.117 

https://doi.org/10.3390/ma15186403
https://doi.org/10.1007/s11082-021-03156-8
https://scholar.google.com/scholar_lookup?title=Compositional+Dependence+of+the+Optical+Properties+of+Amorphous+Semiconducting+Glass+Se80Ge20%E2%88%92xCdx+(0+%E2%89%A4+x+%E2%89%A4+12+at.+%25)+Thin+Films&author=Hegab,+N.A.&author=Farid,+A.S.&author=Shakra,+A.M.&author=Afifi,+M.A.&author=Alrebati,+A.M.&publication_year=2016&journal=J.+Electron.+Mater.&volume=45&pages=3332%E2%80%933339&doi=10.1007/s11664-016-4470-0
https://doi.org/DOI:%2010.1007/s11664-016-4470-0
https://onlinelibrary.wiley.com/journal/1521396x
https://scholar.google.com/scholar_lookup?title=Subject+Classification:+68.55.Jk;+73.50.Pz;+78.66.Li&author=Bhira,+L.&author=Essaidi,+H.&author=Belgacem,+S.&author=Couturier,+G.&author=Salardenne,+J.&author=Barreaux,+N.&author=Bernede,+J.C.&publication_year=2000&journal=phys.+stat.+sol.&volume=181&pages=11&doi=10.1002/1521-396X
https://doi.org/10.1002/1521-396X(200010)181:2%3C427::AID-PSSA427%3E3.0.CO;2-P
http://dx.doi.org/10.1007/978-94-007-0903-4
https://scholar.google.com/scholar_lookup?title=Extended+Cauchy+Equations+for+the+Refractive+Indices+of+Liquid+Crystals&author=Li,+J.&author=Wu,+S.-T.&publication_year=2004&journal=J.+Appl.+Phys.&volume=95&pages=896%E2%80%93901&doi=10.1063/1.1635971
https://doi.org/10.1063/1.1635971
https://doi.org/10.1103/PhysRev.92.1324
https://doi.org/10.1016/j.optcom.2012.02.096
https://doi.org/10.1016/j.jallcom.2009.02.117


Egypt J. Solids, Vol. (46) (2024)                                                                77 
 

 
 

[
76

] J. Tauc, ―Amorphous and Liquid Semiconductors‖ Springer US (1974). 

 

Doi.org/10.1007/978-1-4615-8705-7 

 

[
77

] J. Tauc, R. Grigorovici, A. Vancu, ―Optical Properties and Electronic Structure of 

Amorphous Germanium.‖ Phys. Status Solidi b.vol 15 (1966) 627–637 . 

 

Doi.org/10.1002/pssb.19660150224 

 

[
78

] Mott, N. F., & Davis, E. A., ―Electronic processes in non-crystalline materials‖. 

Physics Today . vol 25(1972) 55. 

 

Doi.org/10.1063/1.3071145 

[
79

] V.B. Sandomirskii,  ― Quantum Size Effect in a Semimetal Film‖ 

Sov. Phys. JETP. Vol 25(1) (1967) 101.  

 

Doi.org/Semimetal NASA/ADS (harvard.edu) 

[
80

] Ahmed Saeed Hassanien, Hatem R. Alamri· I. M. El Radaf, ―Impact of film thickness 

on optical properties and optoelectrical parameters of novel CuGaGeSe4 thin films 

synthesized by electron beam deposition‖ Optical and Quantum Electronics. vol 52 

(2020) 335.  

 

Doi.org/10.1007/s11082-020-02448-9 

[
81

] Hameed, T.A., Wassel, A.R., El Radaf, I.M., ―Investigating the effect of thickness on 

the structural,morphological, optical and electrical properties of AgBiSe2 thin films‖. J. 

Alloys Compd.vol 805 (2019) 1–11. 

 

 Doi.org/10.1016/j.jallcom.2019.07.041 

[
82

] Hassanien, A.S., Akl, A.A., ―Influence of composition on optical and dispersion 

parameters of thermally evaporated non-crystalline Cd50S50−xSex thin films‖. J. Alloys 

Compd. vol 648 (2015)  280–290. 

 

Doi.org/10.1016/j.jallcom.2015.06.231 

[
83

] Zemel, J.N.; Jensen, J.D.; Schoolar, R.B., ―Electrical and Optical Properties of 

Epitaxial Films of PbS, PbSe, PbTe, and SnTe‖. Phys. Rev.vol 140 (1965) A330.  

 

Doi.org/10.1103/PhysRev. 140.A330 

[
84

] Wemple, S.H.; DiDomenico, M., ―Behavior of the Electronic Dielectric Constant in 

Covalent and Ionic Materials‖. Phys. Rev. B. vol 3 (1971) 1338–1351.  

 

Doi.org/10.1103/PhysRevB.3.1338 

https://doi.org/10.1007/978-1-4615-8705-7
http://dx.doi.org/10.1002/pssb.19660150224
https://doi.org/10.1063/1.3071145
https://ui.adsabs.harvard.edu/abs/1967JETP...25..101S/abstract
https://doi.org/10.1007/s11082-020-02448-9
https://doi.org/10.1016/j.jallcom.2019.07.041
https://doi.org/10.1016/j.jallcom.2015.06.231
https://doi.org/10.1103/PhysRev.140.A330
https://doi.org/10.1103/PhysRevB.3.1338


A.M.Shakra, et. al.                                                                                     78 
 

 

[
85

] S.H. Wemple, ―Refractive-Index Behavior of Amorphous Semiconductors and 

Glasses‖. Phys. Rev. B. vol 7 (1973) 3767. 

 

Doi.org/10.1103/PhysRevB.7.3767 

 

[
86

] D. J. Borah, A.T.T. Mostako,  ―Investigation on dispersion parameters of 

Molybdenum Oxide thin films via Wemple–DiDomenico (WDD) single oscillator 

 model .‖Appl. Phys. A Mater. Sci. Process. Vol 126 (2020) 1–13. 

 

Doi.org/10.1007/s00339-020-03996-3 

[
87

] D. P. Ghosh, M. K. Naskar, S. K. Batabyal, "Optical properties of semiconductor 

nanoparticles.‖ Journal of Nanoparticle Research.vol 11, no. 3 (2009) 529-541. 

 

Doi:10.1007/s11051-013-2121-0. 

 

[
88

] S. N. Ghosh, J. M. Hui, ―Optical properties of nanostructured materials‖. Journal of 

Materials Science: Materials in Electronics. vol 26, no. 6 (2015) 4083-4103.  

 

Doi:10.1007/s10854-014-2713-9. 

 

[
89

] P. Pavani, S. Adarsh, ―Interband and intraband optical transitions in semiconductor 

nanostructures‖ Journal of Applied Physics. vol 125, no. 5 (2019) 055301.  

 

Doi: 10.1063/1.5086415. 

 

 

https://doi.org/10.1103/PhysRevB.7.3767
https://doi.org/10.1007/s00339-020-03996-3

