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In the present work, the semiconductor material is used to study the moisture diffusivity when a modified Moore–Gibson–Thompson (MGT) model is taken into account. The influence of moisture concentration is included in the governing equations throughout the photothermal transfer process. Based on the dissimilar relaxation durations of the coupled optoelectronic and thermoelastic waves, the MGT model is used to investigate the issue at hand. The method of the Laplace transform is used to obtain analytical solutions for the physical quantities, constitutive relationships, elastic waves, carrier density, heat equation conduction, and moisture diffusivity for the thermo-elastic medium. To extract the primary physical quantities in the space–time domain, the boundary conditions, temperature, plasma, displacement, and mechanical stress are inverted numerically using the Laplace transform. The effect of the new parameter like the reference moisture parameter with various values is discussed graphically on the primary physical quantities. The comparison between silicon and germanium is taken into account to achieve numerical computations.
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1 INTRODUCTION
The stress field is responsible for producing the temperature field, and the stress field modulates the strain and stress fields. Force loads and thermal stresses are common sources of damage to structural parts. A crack may occur if the strains are great enough or if the strains combine with mechanical stresses from external loads. Recently, many scientists have been concerned with semiconductor materials; this is due to their many modern applications, such as aircraft electronics and sensors. In semiconductors, some materials have unique properties like highly conductive materials such as copper. In semiconductors, the most important effect property in modern industries is the photothermal (PT) excitation process that happens when temperature increases to release electrons to the surface of the material, which makes the material a good conductor of electricity. The process of electrons gaining energy because of increasing temperature is called electronic deformation (plasma), and this process causes an electric current. Light absorbed by the material causes a local increase in temperature and pressure, and a proportional increase in volume, according to the PT effect.
Biot [1] was the first to highlight the solution for the coupled thermo-elasticity. The Fourier heat conduction theory is considered the basis for the conventional dynamic (CD) theory of the thermo-elasticity theory. The CD assumes that wave propagation can travel at an unlimited speed because of the parabolic form found in the governing equations, and this theory was unacceptable for the physical experiments. Because of this inconsistency, Lord and Shulman (LS) [2] introduced a new model by putting one relaxation time in the equations, which makes the system of equations take the hyperbolic form, making the thermal waves propagate at a finite speed. Green–Lindsay (GL) [3] modified a new model of thermoelasticity containing two relaxation times, which makes many researchers utilize this model to conduct numerous studies. Many authors [4, 5] have used the GL theory known as the generalized thermoelasticity theory. After adding the relaxation factor to the suggested heat equation to Green–Naghdi III (GN-III) by Abouelregal et al. [6], many authors tend to utilize the modified thermoelastic theory in the context of the MGT equation because of its importance in many applications and also it was derived using a third-order differential equation. Othman et al. [7] studied the transient disturbance according to the moving heat source in the generalized magneto-thermoelasticity theory. Quintanilla [8, 9] has developed thermoelastic MGT heat conduction. Marin et al. [10–13] analyzed the thermoelasticity theory in the context of the MGT model’s starting values, as set by the dipolar elastic property. Recent evidence [14] shows that the MGT equation may be used in a wide range of contexts. Using a thermoelastic semiconductor material, Lotfy et al. [15, 16] employed the MGT model to prove the stability of their analytical solutions.
We argue that the fundamental ideas behind heat transmission and moisture transport are similar. Mechanically induced stresses may have significant effects on how heat and moisture are distributed. Understanding the relationship between mechanical deformation and diffusion caused by temperature and moisture is so crucial. There are a wide variety of engineering problems where the correlation between humidity, temperature, and deformation may be seen. When a solid is subjected to both moisture and heat, a phenomenon known as hygro-thermoelasticity takes place. Szekeres [17, 18] published research discussing moisture’s impact on conventional heat transmission. More so than mechanical loadings, Gasch et al. [19] discussed temperature and moisture fluctuations. Szekeres and Engelbrecht [20] established a fundamental analogy between heat and moisture before proceeding with creating equations governing coupled hygro-thermoelasticity.
Semiconducting materials found widespread use in contemporary engineering because of technological advancements. There is both theoretical and practical usefulness in learning more about how waves travel through a semiconducting material. Unfortunately, the author was unable to find any previous documentation of the wave propagation issue in semiconducting media during a PT process. The fundamental principle shared by all PT techniques is the detection of short-lived thermal waves generated in the sample upon its absorption of modulated light. When an appropriate transducer picks up these pressure fluctuations in the surrounding gaseous medium, we obtain the photoacoustic (PA) signal. This happens because the absorbed energy is transformed into heat both in the bulk and on the surface of the sample. The PA technique uses a PA signal obtained experimentally to determine where the heat is coming from that is causing the thermal waves. So, in addition to the optical characteristics of the sample, we may also learn about its thermal parameters, structural formations, and inhomogeneities from the PA response. Several authors have created cutting-edge approaches to investigate the laser–semiconductor interaction in photoacoustic spectroscopy [21, 22]. Several physical studies using PT techniques [23–27] confirmed the accurate temperatures, internal displacements, thermal diffusion, and other electrical features of nano-composite semiconductor materials. Elastic oscillations in the atomic lattices of a material are directly responsible for the electronic deformation induced by light. Hobiny and Abbas [28] used a semiconductor-filled cylinder cavity to investigate PT waves in free space. When a semiconducting material is subjected to PT waves with hydrostatic stress, moisture diffusivity with non-local parameters, two temperatures, laser pulses, and the resulting strain stresses become problematic [29, 30]. Applying the photo-thermoelasticity hypothesis to the case of the Moore–Gibson–Thompson (MGT) stability model in a photonic semiconductor material subject to a two-temperature theory, Chteoui et al. [31] found support for their theory. On the other hand, Hobiny and Abbas [32–34] used a theoretical analysis to obtain the effect of a moving heat source with laser irradiation on skin tissue during thermal damage. Many applications according to the bioheat model based on the thermoelasticity theory are studied for living tissue [35–38].
In recent years, the MGT equation has gained a lot of attention because it may be used in a variety of contexts. Recent years have seen a rise in the profile of research into PT phenomena within the context of the subject of material science. It may be used in the evaluation of the thermal, optical, and electrical properties of various materials. In this research, moisture diffusivity is used to analyze the moisture and heat equation that occurs during the PT MGT process in one dimension when the mechanical force and moisture diffusivity are both in play. The issue is posed at the free surface of a semi-infinite semiconducting material in its most general form. To solve the system and obtain an analytical solution for the primary physical fields, the Laplace transform is used. To declare the physical numbers, the numerical inverse of the Laplace transform must be executed by utilizing a computer language. In conclusion, the results of all calculations regarding the distribution of temperature, carrier intensity, normal displacement, normal force stress, and moisture concentration are visually depicted.
2 MAIN EQUATIONS
During the PT transport phase, the medium is analyzed with the overlapping processes of plasma–thermal and moisture diffusion in mind if the thermo-elastic semiconductor material exhibits linear elastic properties and is homogeneously transversely anisotropic. In this problem, the fundamental distributions in this problem are the carrier density (intensity) [image: image], moisture concentration [image: image], the temperature change of a material particle [image: image], and the displacement vector [image: image], ([image: image] represents the position vector, and [image: image] represents the time). Tensor forms of the equations for the interaction of plasma–thermal–elastic waves and moisture diffusion are given in [15, 16]:
[image: image]
[image: image]
[image: image]
In tensor form, the motion equation is similar to [1–3]:
[image: image]
Both the displacement and strain tensor may be represented using the same equation:
[image: image]
With increasing humidity, the tensor form of stress, displacement, and plasma temperature is similar to the following equation:
[image: image]
In the aforementioned equations, the diffusivity parameters are [image: image] and [image: image] which refer to the temperature diffusivity and the moisture diffusion coefficient, respectively. The coupled diffusivities are [image: image] and [image: image]. On the other hand, [image: image] represents the carrier diffusion coefficient, and [image: image] refers to the reference moisture. The moisture diffusivity is [image: image], [image: image] represents the isothermal parameter tensor of the medium, [image: image] represents the strain tensor, and [image: image] and [image: image] represent the isothermal thermoelastic coupling tensor material coefficients of moisture concentration. The thermal activation coupling parameter is [image: image], and [image: image] represents the equilibrium carrier concentration [10, 12]. The energy gap, the photogenerated carrier lifetime, the density, Lame’s elastic constants, the volume thermal expansion, and the absolute temperature of the medium are [image: image] and [image: image], respectively, where [image: image] represents the linear thermal expansion coefficient. The specific heat of the semiconductor is [image: image], and [image: image] represents the conductive deformation potential with the valence band, where [image: image] represents the rate of thermal conductivity.
When the surface boundary conditions are thermally insulated, the rod representing the semiconductor elastic media is released from the constraints of the electrical short (closed circuit), isothermal, and stress loads. To that purpose, all analyses are performed along the [image: image]-axis (the direction of wave propagation is along the [image: image]-axis), and all physical values are arbitrary to the [image: image]-coordinate system.
The following are the 1D descriptions of the physical quantities [30]:
[image: image]
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For Eq. 4, we have
[image: image]
Here, [image: image] and [image: image]
In one dimension, the constitutive equation is similar to the following equation:
[image: image]
The MGT model according to the PT excitation can be expressed as a general form of the LS and GN-III models. In this case, the principal models of the photo-thermoelasticity theory under the MGT effect ([image: image], [image: image], and [image: image] are non-negative) are reduced to the following cases [31]:
(i) When [image: image], the classical thermoelastic (CTE) model is obtained.
(ii) When [image: image] only, the Lord and Shulman (LS) model is attained.
(iii) When [image: image], the GN-II model is observed.
(iv) When [image: image], the GN-III model is obtained.
3 THE MATHEMATICALLY FORMULIZED PROBLEM
The following non-dimensional variables are provided for convenience:
[image: image]
To simplify Eq. 7, Eq. 8, Eq. 9, Eq. 10, and Eq. 11, we may use Eq. 12 to remove the dashes and obtain
[image: image]
[image: image]
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[image: image]
The 1D stress component takes the following form in the non-dimensional form:
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image].
The coupled parameter [image: image] is named the coupling thermoelectric coefficient.
According to the properties of homogeneity of the problem, the following initial conditions to solve the problem analytically are presented:
[image: image]
4 THE SOLUTION TO THE PROBLEM
Laplace transforms used, which are defined for any function [image: image] are as follows:
[image: image]
Applying Eq. 19 to the main aforementioned Eqs 13–17, the following equations are obtained:
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image].
Solving the converted Eqs 20–22 and Eq. 23 by the elimination technique between [image: image] and [image: image], the following equation is obtained:
[image: image]
where the main coefficients of Eq. 25 are given as follows:
[image: image]
To solve the differential Eq. 25, the factorization method is given as follows:
[image: image]
The quantities [image: image] are the roots that are chosen real and positive when [image: image]. The linearity solution for thermal distribution according to the differential Eq. 27 can be written as follows:
[image: image]
The other linear solutions of remain quantities are expressed in the following form:
[image: image]
[image: image]
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[image: image]
Here, the parameters [image: image] and [image: image] can be determined when the elimination method between the main Eqs 25–30 is used. The following are the relationships between both of the unknown parameters [image: image] and [image: image]:
[image: image]
The foregoing values provide the domain solution for Laplace’s main variable transformations in terms of unknown parameters [image: image], which are derived from the following boundary conditions.
5 BOUNDARY CONDITIONS
Assume that the elastic semiconductor medium is subjected to mechanical, plasma, and thermal stresses, with the loss of control over these variables ([image: image]). These forces are imposed on the unconfined (external) surface of the material. Laplace transformations are used in all conditions.
(I) For [image: image], we define the free-surface isothermal boundary condition (thermally isolated system) exposed to thermal shock as follows:
[image: image]
Accordingly,
[image: image]
(II) Application of the Laplace transformation to the condition of mechanical normal stress (pressure) components at the free surface [image: image] produces
[image: image]
Therefore,
[image: image]
(III) When the carrier density is diffusively transported and photosynthesized during recombination processes, the plasma boundary condition at the free surface ([image: image]) may be reformulated as follows using the Laplace transform:
[image: image]
The following equation is obtained:
[image: image]
(IV) The free-surface displacement boundary condition is given as follows:
[image: image]
On the other hand, the following relation is obtained:
[image: image]
The quantities ([image: image], [image: image]), [image: image], and [image: image] are the Heaviside unit function, stress pressure, and roughness coefficient, respectively. The symbol [image: image] is a chosen constant.
6 INVERSION OF THE FOURIER–LAPLACE TRANSFORMS
Dimensionless physical fields in the time domain may be obtained by inversion of the Laplace transform. In this case, the Laplace transform may be approximated numerically using the Riemann sum method [39].
In the Laplace domain, the inverse of the function [image: image] may be expressed as follows:
[image: image]
In this case, [image: image] ([image: image]). Hence, we can rewrite the inverse Eq. 41 as follows:
[image: image]
The following relation is obtained by expanding the Fourier series for the function [image: image] in the closed interval [image: image]:
[image: image]
Here, [image: image], and [image: image] is the real part. The sufficient [image: image] can be chosen in a large integer but can be selected in the notation [image: image] [40].
7 NUMERICAL RESULTS AND DISCUSSION
To create the numerical simulation, the numerical parameters of the physical fields are used. These factors include temperature, moisture, normal stress, displacement, and carrier density. The simulation is carried out by using substances known as silicon (Si) and germanium (Ge). The following table presents the physical constants with their SI unit representations according to Table 1 [27–31]:
TABLE 1 | Physical constants of Si and Ge materials.
[image: Table 1]7.1 The moisture reference influence
Figure 1 (the first group) shows the semiconductor constants of silicon utilized to obtain the graph of the main physical quantities: thermal waves (thermal temperatures), normal stress (mechanical waves), plasma waves (carrier density), elastic waves (displacement distribution), and moisture field against the [image: image]-axis (distance). All calculations of the numerical results are made when the thermoelastic coupling parameters [image: image] and the thermoelectric coupling parameters [image: image]. The first subfigure describes the positivity of the variation of the elastic waves with the [image: image]-axis; we noted that the displacement distribution begins from the maximum positive value and decreases sharply due to the moisture effect. Because of the increasing moisture effect, we noted the decreasing amplitude of the physical quantity. The second subfigure describes the plasma waves (carries density) against the [image: image]-axis; we noted that it starts from the maximum positive value in the three cases of the effect of moisture concentration and decreases gradually for a whole range which propagated in exponential behavior as it is mentioned in the plasma condition. Moreover, by increasing the moisture concentration, it shows the increasing curvature of the carrier density. The third subfigure shows the moisture concentration parameter (three values) effect that is utilized to mention the description of the thermal waves. The three cases describe the distribution of thermal waves that starts from the positive value on the surface and increases until the maximum value is reached after that decreasing in exponential behavior until arriving at the state of stability at the zero line inside the medium. The fourth subfigure describes the moisture concentration effect on the mechanical waves (normal stress distribution) against the [image: image]-axis, which satisfies the mechanical condition and begins from a negative value due to the moisture effect and stress pressure; the mechanical waves decrease sharply until it arrives at the minimum value in the three cases of increasing the values of reference moisture. After that, when observed far from the surface (within the semiconductor medium), the mechanical waves gradually increase until they reach the steady state with convergence from the zero line. The fifth subfigure represents the moisture field against the [image: image]-axis at different values for moisture concentration; we see that by increasing the value of moisture reference, the amplitude of the moisture field increases. The graph starts from the positive value and increases gradually in the three cases of the effect of moisture until it reaches the maximum value and decreases exponentially in its behavior until it arrives at the zero line. According to Liu et al. [41], the numerical results of photo-thermo-physical properties in this problem agree with the experimental results.
[image: Figure 1]FIGURE 1 | Representation of the variations of physical quantities with the x-axis (distance) under the effect of moisture diffusion at different values of reference moisture [image: image].
7.2 The photo-thermoelastic model effect
The second kind of model depicts changes in photo-thermoelasticity models with increasing vertical distance, which may be used to investigate the effects of these variations on the basic dimensionless physical fields. Four different theories of photo-thermoelasticity are shown in Figure 2 (the second group) by showing the variations of the main physical field variables with distance (thermoelastic and photoelastic models). The outcomes fall within a range [image: image]. For the Si medium, the full complement of computational findings was obtained in a relatively short time. Figure 2 shows the effect of varying the parameters of thermal memory on the distance against the propagation of non-dimensional thermal waves, plasma waves, mechanical waves, moisture concentration, and elastic waves. There is no discernible difference in the behavior between Figure 2 and Figure 1. Models of photo-thermoelasticity are generalized in the MGT PT model. The MGT PT model shows potential to fix some of the physical problems seen in older versions. To a large extent, all field distributions are affected by the MGT PT model.
[image: Figure 2]FIGURE 2 | Representation of the variations of physical quantities with the x-axis (distance) for different photo-thermoelastic theories.
7.3 The comparison between two semiconductor materials
Silicon (Si) and germanium (Ge) are both semiconductor materials, and Figure 3 demonstrates the comparison when their physical constants are employed in the computations. All calculations are prepared according to the MGT model when [image: image]. It is evident from this figure that the results of numerical calculations on the propagation of waves in a semiconductor medium will rely on the numbers (input parameters) used in the computations.
[image: Figure 3]FIGURE 3 | Representation of the variations of the main field with the x-axis (distance) for two different semiconductors.
8 CONCLUSION
This study offers an original account of the thermal and elastic relaxation time-dependent model applications (MG, GN(III), CTE, and LS) used to characterize the interference of elastic, thermal, and plasma waves in a semiconductor medium. Under the framework of MGT’s elasticity theory, the photo-thermoelastic interactions in an infinite semiconducting material have been investigated. A high quantity of moisture affects the semiconductor media. As various models have been developed to represent photo-thermoelasticity issues, the MGT model is a natural progression. The photo-thermoelastic models and the moisture diffusivity have drastically different standard deviations. The value of the moisture diffusivity parameter has a significant impact on the rate of change of the primary distribution variation. This means that the moisture content is a better indicator of heat transfer than it formerly was. The comparison of the wave propagations shows that the value of the physical parameters of the medium significantly affects the patterns of field distributions in this study. The physical assumptions are consistent with the notion that waves travel at limited speeds, as predicted by the MGT model and other photo-thermoelastic models.
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