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SUMMARY: 
This study investigates the photo-thermoelastic response of an anisotropic fiber-reinforced semiconductor under hyperbolic two-temperature theory. The coupled thermal, conductive-temperature, carrier-density, and elastic fields are solved analytically using normal-mode and eigenvalue methods. Numerical results examine wave number, semiconductor material, and fiber-induced anisotropy.

ABSTRACT:
This study investigates the coupled photo-thermoelastic response of an anisotropic fiber-reinforced semiconductor within hyperbolic two-temperature theory. The model integrates elasticity, fiber-induced anisotropy, and hyperbolic two-temperature heat conduction to describe interactions among the thermal, conductive-temperature, carrier-density, and elastic fields. The governing equations are formulated using generalized photo-thermoelastic theory, transformed into nondimensional form, and solved analytically by combining the normal-mode and eigenvalue methods. Closed-form expressions are obtained for the physical field variables. The effects of wave number, material properties, and fiber reinforcement are examined through the distributions of temperature, conductive temperature, carrier density, displacement components, and stresses. Silicon and germanium are compared to assess the influence of material characteristics on the coupled response. Anisotropic and isotropic configurations are also compared to evaluate fiber reinforcement. The results show that fiber reinforcement strongly affects the mechanical response, particularly transverse deformation and stress distributions, while anisotropy and hyperbolic two-temperature conduction regulate wave propagation, thermal transport, and field attenuation. The findings support analysis of advanced semiconductor materials and nano-engineered optoelectronic devices under coupled photo-thermoelastic conditions.

INTRODUCTION:
The rapid advancement of semiconductor technology has expanded the use of optoelectronic and microelectronic devices operating under complex thermomechanical conditions. Applications such as laser-material processing, optical communication, photovoltaic devices, integrated circuits, infrared detectors, and microelectromechanical systems expose semiconductors to simultaneous optical excitation, thermal loading, carrier diffusion, and mechanical deformation. These coupled effects produce photo-thermoelastic interactions that cannot be adequately represented by uncoupled thermal or elastic theories. Previous analytical and computational studies examined semiconductor half-spaces with cylindrical cavities, variable thermal conductivity, generalized thermoelastic formulations, and fractional-order photo-thermoelastic models, establishing the importance of carrier transport and optical absorption in laser-induced wave propagation and thermomechanical response1–6. Subsequent studies incorporated excess carrier generation, functionally graded materials, viscoelastic effects, laser pulses, moving thermal loads, diffusion, and higher-order generalized thermoelastic theories7–12. Fiber-reinforced composites have also received attention because fiber orientation, reinforcement distribution, and constituent properties influence stiffness, thermal resistance, stress redistribution, deformation, and heat transfer13–18. Related semiconductor models have further examined laser-induced wave propagation, thermoelastic deformation, and carrier diffusion under generalized heat-conduction theories and advanced constitutive formulations19–25.

Among generalized thermoelastic theories, hyperbolic two-temperature (HTT) theory models finite-speed thermal-wave propagation by distinguishing conductive temperature from thermodynamic temperature. Compared with the classical one-temperature formulation, HTT theory provides a framework for transient processes in semiconductors subjected to optical and thermal excitation. It has been applied to hyperbolic heat conduction, energy dissipation, cylindrical cavities, higher-order memory effects, and rotating media26–32. Recent studies have also considered memory-dependent heat transfer, generalized Green–Naghdi theories, magneto-thermoelastic coupling, porous structures, and semiconductor microstructures14,15,33–42. Despite these developments, most studies have treated generalized thermoelasticity, memory-dependent heat transfer, or reinforced media separately. Fewer investigations have combined HTT theory, anisotropic fiber reinforcement, and photo-thermoelastic semiconductor behavior in one analytical framework, and direct comparisons of different semiconductor materials under identical conditions remain limited.

The present study develops an analytical photo-thermoelastic model for an anisotropic fiber-reinforced semiconductor half-space within HTT theory. The formulation couples the thermal, carrier-density, elastic, and stress fields under laser excitation while accounting for fiber-induced anisotropy. The governing equations are transformed into vector-matrix form and solved using the normal-mode and eigenvalue methods. Numerical simulations compare silicon and germanium and evaluate the effects of fiber reinforcement on temperature, conductive temperature, carrier density, displacement, and stress distributions. The analysis examines the roles of material anisotropy and HTT effects in the transient photo-thermoelastic response of semiconductor media and in semiconductor structures used in laser-material interaction, optoelectronic devices, microelectronic systems, semiconductor sensors, and composite semiconductor technologies.

PROTOCOL:
The analytical and numerical procedure begins by defining the geometry, material properties, and model assumptions, and then formulating the coupled governing equations and constitutive relations. The equations are then nondimensionalized and transformed using the normal-mode technique to construct the corresponding matrix system. The eigenvalues and eigenvectors are determined, and the boundary conditions are applied to evaluate the unknown constants. The physical fields are then reconstructed, and numerical simulations are performed for the considered cases. No human participants, animal experiments, clinical data, or biological specimens were involved; therefore, ethical approval and informed consent were not required. The research tools used in this protocol are listed in the Table of Materials. 

1. Mathematical formulation of photo-thermoelasticity in fiber-reinforced anisotropic media
In the present study, a two-dimensional anisotropic fiber-reinforced semiconductor occupies the half-space is considered under photothermal loading induced by laser irradiation (Figure 1). The absorption of optical energy generates coupled thermo–photoelastic responses, resulting in the interaction of thermal, elastic, and carrier-density fields. Within the framework of the hyperbolic two-temperature theory, the thermal behavior is described using two distinct temperatures: the conductive temperature and the thermodynamic temperature , which account for finite thermal wave speed and relaxation effects. Accordingly, the state variables of the system include the displacement components and , the temperature fields, and the carrier density . Under the assumption of small deformations, the strain tensor is expressed as  which facilitates the linearization of the governing equations. The anisotropic nature of the material arises due to the presence of aligned reinforcing fibers, represented by the unit vector , which introduces directional dependence in both elastic and thermoelastic coupling properties.

[Place Figure 1 here]

The constitutive equations governing the thermoelastic response of the fiber-reinforced anisotropic semiconductor are adopted from the generalized photo-thermoelastic formulation. Accordingly, the constitutive relation for the stress tensor is expressed as25,28
	(1)

The fourth-order elastic stiffness tensor  associated with the above constitutive relation satisfies the standard symmetry properties of linear elasticity, i.e., , which are preserved for the present transversely isotropic fiber-reinforced medium. For the present two-dimensional configuration, the reinforcing fibers are assumed to be aligned with the -axis, i.e., . Consequently, the stress components reduce to
,	(2)
,	(3)
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The effective material coefficients are given by
,
,
,
,
,
.

Here,  and  denote the stress and strain tensors, respectively,  is the Kronecker delta, , , and  are the elastic constants of the fiber-reinforced anisotropic medium,  and  are the reinforcement parameters,  is the unit vector defining the fiber orientation,  and  denote the thermal and carrier expansion coefficients, respectively, while  and  represent the thermoelastic and carrier coupling coefficients associated with the temperature  and the carrier density , respectively. The coefficients and are the effective thermoelastic and carrier-coupling coefficients obtained from the three-dimensional constitutive relations after introducing the two-dimensional assumption and substituting the effective material constants defined above. The governing equations of motion for the fiber-reinforced anisotropic semiconductor are adopted from the classical theory of elasticity. For the present two-dimensional model and in the absence of body forces, the governing displacement equations are written as25,28:

,	(5)
.	(6)

where  is the mass density, and the subscripts denote partial differentiation with respect to the corresponding spatial and temporal coordinates. The governing heat-conduction equation based on hyperbolic two-temperature thermoelastic theory is adopted from the cited generalized formulation. For the present two-dimensional fiber-reinforced anisotropic semiconductor, the governing equation is written as26,40:

.	(7)

where  and  are the thermal conductivities along the principal material directions,  is the specific heat at constant strain,  is the band-gap energy, is the carrier lifetime, and  is the reference temperature. For the present model, the carrier-density equation is given by19,21:

.	(8)

where  is the carrier diffusion coefficient,  is the carrier lifetime, and  is the thermo-carrier coupling coefficient. The coupling relation between the thermodynamic and conductive temperatures is adopted from the hyperbolic two-temperature theory. For the present two-dimensional fiber-reinforced anisotropic semiconductor, the governing relation is expressed as26,39:

.	(9)
where  and  are the hyperbolic two-temperature parameters associated with the principal material. 

2. Nondimensional formulation of the coupled anisotropic photo-thermoelastic model
To simplify the mathematical representation and to emphasize the relative contribution of the coupled physical mechanisms, the governing equations are expressed in a dimensionless framework by introducing appropriate scaling variables. This transformation reduces the number of material parameters and facilitates both analytical and computational treatments of the problem. Following standard approaches in photo-thermoelastic semiconductor modeling, the dimensionless spatial coordinates, time variable, and field quantities are defined as26,37
, , , , , , , , , , .

This transformation enables the reduction of the number of independent material parameters and provides a normalized representation that facilitates both analytical and numerical investigations of wave propagation phenomena in semiconductor media. To this end, appropriate characteristic scales for space, time, displacement, temperature, carrier density, and stress are introduced, allowing all field variables to be expressed in dimensionless form. By substituting these normalized variables into the previously derived governing equations and omitting the prime notation for simplicity, the coupled system is transformed into a compact set of dimensionless partial differential equations given by:

,	(10)
,	(11)
,	(12)
,	(13)
.	(14)

After applying the nondimensional transformation, the stress components of the system can be written in the following normalized form:
,	(15)
,	(16)
.	(17)

The dimensionless coefficients  represent normalized combinations of the material constants and coupling parameters appearing in the governing equations. Specifically,  denotes the elastic coupling between the normal strain components, while  characterizes the contribution of the transverse normal deformation. The coefficient  represents the anisotropy of the thermoelastic coupling, whereas  describes the anisotropic carrier-density coupling. The normalized shear modulus is defined by , while  characterizes the combined contribution of the normal and shear deformation terms. Furthermore,  measures the relative transverse stiffness,  represents the normalized inertia parameter, and  accounts for the coupling between the displacement gradients. The coefficients  and  quantify the thermal and carrier-density coupling contributions in the displacement equations, respectively. In the thermal field,  represents the anisotropy ratio of the thermal conductivity,  characterizes the normalized carrier-recombination heat source, while  and  describe the thermoelastic coupling associated with the longitudinal and transverse deformation fields, respectively. Moreover,  denotes the normalized carrier diffusion coefficient,  represents the carrier recombination parameter, and  quantifies the thermo-carrier coupling effect. Finally,  is the normalized thermal-wave propagation parameter in the hyperbolic two-temperature formulation, whereas  represents the anisotropy ratio associated with the hyperbolic two-temperature relation.

3. Analytical solution using the normal-mode technique
To obtain an analytical solution for the coupled anisotropic photo-thermoelastic semiconductor model, the normal mode technique is adopted due to its effectiveness in transforming the coupled partial differential equations into a reduced system of ordinary differential equations with respect to the spatial coordinate . This approach has been widely employed in thermoelastic and semiconductor wave propagation analyses because it provides an efficient framework for investigating coupled thermal, carrier, and elastic wave phenomena. From a physical viewpoint, the normal mode representation assumes that all field variables propagate harmonically along the transverse spatial direction while exhibiting an exponential temporal dependence. Consequently, each propagation mode is characterized by a complex eigenvalue, enabling analysis of attenuation, oscillatory behavior, and coupling among the thermal, carrier-density, and mechanical fields within a unified mathematical framework. This representation also enables the application of the eigenvalue approach to obtain closed-form analytical solutions for the governing system. Accordingly, the field variables are assumed in the following normal mode form26,37:

.	(18)
where  denotes the complex frequency parameter and  is the wave number in the . This assumption allows separation of variables and reduces the dimensionality of the problem. Substituting these expressions into the nondimensional governing equations (10)- (14) and simplifying the resulting relations, the original system is reduced to the following set of ordinary differential equations with respect to the spatial variable  :

,	(19)
,	(20)
,	(21)
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Furthermore, the corresponding stress components in the transformed domain can be written as
,	(24)
,	(25)
.	(26)

The above formulation represents the governing system in the normal mode domain and forms the basis for further eigenvalue analysis. In this framework, each mode describes a physically admissible wave that decays with distance from the boundary while carrying coupled thermoelastic and carrier effects. The normal-mode representation is used to describe the interaction between thermal, mechanical, and electronic fields in anisotropic fiber-reinforced semiconductor media. Finally, the coefficients are defined as:

, , , , , , , , , , , .

4. Eigenvalue-based elimination method for the coupled system
To derive an analytical solution for the proposed coupled anisotropic photo-thermoelastic semiconductor model, the governing equations obtained after applying the normal mode representation on Eqs. (19)–(23) are further reduced using an eigenvalue-based elimination procedure. In this approach, the amplitudes of the field variables are assumed to vary exponentially along the -direction according to:

.	(27)

where  is an unknown propagation parameter to be determined from the characteristic equation, and  are constant modal amplitudes. As a result, the coupled system of ordinary differential equations is transformed into a homogeneous system of algebraic equations for the unknown modal amplitudes. To reduce the number of unknowns, the hyperbolic two-temperature relation is first employed to express the conductive temperature potential  explicitly in terms of the conductive temperature . The resulting expression is then substituted into the remaining governing equations, thereby eliminating the auxiliary variable  and reducing the original five-variable system to four primary unknowns . After collecting similar terms and rearranging the resulting expressions with respect to these unknown amplitudes, the reduced homogeneous algebraic system is obtained as26,37:

,	(28)
,	(29)
,	(30)
.	(31)

This system represents a homogeneous set of linear equations in the unknown amplitudes . Therefore, it can be expressed compactly in matrix form as
.	(32)

where  is the coefficient matrix that depends explicitly on the parameter . The explicit structure of this matrix is given by37
.	(33)

For this homogeneous system to admit nontrivial solutions, the determinant of the coefficient matrix must vanish. Accordingly, the characteristic equation of the system is obtained from the condition
.	(34)

This condition leads to a polynomial equation of eighth order in the parameter , The determinant of the coefficient matrix was evaluated symbolically using Mathematica. After expanding the determinant and collecting the resulting expression with respect to the propagation parameter , the eighth-order characteristic polynomial and its coefficients were obtained, which can be written in the general form
.	(35)
where the coefficients  are explicitly given as
			
(36)
The explicit expressions of the coefficients of the eighth-order characteristic polynomial are provided in Supplementary File 1.
	
The roots of the characteristic equation correspond to the eigenvalues governing the spatial propagation modes of the coupled system. Because the semiconductor occupies the semi-infinite domain , admissibility of these roots is dictated by the requirement that the physical fields remain bounded as . In this formulation, each mode's spatial dependence is expressed through an exponential term of the form , and consequently only roots satisfying  are physically acceptable, since this guarantees that the associated exponential modes decay as distance from the illuminated surface increases. Roots with  must be excluded, as they would produce solutions that grow without bound a result inconsistent with the physical requirement of field boundedness in a semi-infinite medium. For complex-valued roots, the same admissibility condition is applied to the real part: writing , the requirement  ensures spatial decay, while  governs the oscillatory behavior of the corresponding mode. The set of roots satisfying this condition therefore represents the physically admissible, attenuated modes of the coupled photo-thermoelastic system. Once an admissible eigenvalue is identified, its corresponding eigenvector is determined by substituting  into the reduced homogeneous algebraic system, and the resulting eigenvalue and eigenvector pairs form the modal basis from which the general solution for the coupled temperature, carrier-density, displacement, and potential fields is constructed. Without loss of generality, the first component of each eigenvector is selected as  to normalize the solution. Subsequently, the reduced homogeneous algebraic system is implemented symbolically in Mathematica. The coefficient matrix is first constructed, from which the characteristic equation is obtained and solved symbolically to determine the corresponding eigenvalues. For each eigenvalue , the corresponding eigenvector is subsequently obtained by substituting the eigenvalue into the reduced homogeneous algebraic system and solving for the remaining components , , and . Accordingly, the normalized eigenvector corresponding to the eigenvalue can be expressed as
.	(37)

where each component represents the contribution of a specific physical field. The explicit expressions of the eigenvector components are provided in Supplementary File 2.

It is worth noting that, in addition to the primary field variables included in the reduced system, the potential function  can also be recovered consistently using its corresponding governing relation. Therefore, it admits a modal representation associated with the same eigenvalues. In this case, the corresponding component of the eigenvector can be denoted as , and it can be expressed as follows

.	(38)

From a physical perspective, each eigenvector defines a distinct propagation mode that governs how the coupled thermoelastic, carrier, and potential fields evolve spatially. The structure of the eigenvector reflects the strength of coupling between different physical effects within each mode. Based on the obtained eigenvalues and eigenvectors, the general solution of the system can be constructed as a linear superposition of all admissible modes. For a semi-infinite domain, only the eigenvalues that ensure bounded and decaying behavior are retained, leading to
.	(39)

where  are constants determined from the boundary conditions. Expanding the above vector form, the field variables are given by
,	(40)
,	(41)
,	(42)
.	(43)

Furthermore, the potential function can be expressed in a similar modal form as
.	(44)

where represents the corresponding component of the eigenvector associated with the potential field. This representation confirms that the complete solution consists of a superposition of exponential modes, where each eigenvalue-eigenvector pair contributes independently to the overall physical response. The admissible eigenvalues are selected such that their real parts are positive, ensuring that all fields decay as , which is consistent with the physical nature of wave attenuation in semi-infinite media.

5. Boundary conditions and physical constraints
After obtaining the general eigenmode solution of the governing system, the unknown constants  are determined by imposing the appropriate boundary conditions at the illuminated surface , together with the decay requirement as . The medium is assumed to occupy a semi-infinite domain and is subjected to harmonic optical excitation at the boundary. All physical fields are required to remain bounded and vanish at infinity to ensure the stability and physical admissibility of the solution.

The imposed boundary conditions are given as follows:

5.1 Temperature constraint
.	(45)
This condition represents a harmonically varying surface temperature induced by periodic optical heating. It acts as the primary thermal excitation driving the coupled thermoelastic and carrier transport processes within the medium. The amplitude characterizes the intensity of the applied thermal load.

5.2 Carrier density constraint
.	(46)
This boundary condition describes the photo-generated carrier density resulting from optical illumination. It reflects the electronic excitation due to photon absorption and its harmonic modulation consistent with the incident optical field.

5.3 Displacement constraint:
.	(47)
This condition indicates that the boundary is mechanically constrained in the transverse direction. Hence, no displacement occurs along the -direction at the surface.

5.4 Shear stress constraint:
.	(48)
This condition corresponds to a traction-free boundary with respect to shear stress. It ensures that no tangential forces act on the surface, which is consistent with a mechanically free boundary in the tangential direction. In addition to the boundary conditions at , the physical requirement at infinity is imposed as:  which guarantees that all field variables remain finite and decay away from the boundary.

6. Computational Workflow
The computational procedure adopted in the present study is summarized in Figure 2. The governing equations are first transformed into its dimensionless form, followed by application of normal-mode analysis to reduce the governing partial differential equations into a system of ordinary differential equations. The resulting first-order system is then expressed in matrix form, from which the characteristic equation is obtained. The admissible eigenvalues satisfying the boundedness condition are determined numerically, and the corresponding eigenvectors are subsequently evaluated. The unknown integration constants are computed by enforcing the boundary conditions through the LinearSolve routine in Wolfram Mathematica. Finally, all field quantities are reconstructed from the analytical solution and used to generate the numerical results presented in the subsequent section. The material parameters employed in the simulations are listed in Table 1, while the adopted numerical values are taken from the cited literature.

[Place Figure 2 here]

[Place Table 1 here]

RESULTS:
Numerical simulations were performed to investigate the coupled photo-thermoelastic response of an anisotropic fiber-reinforced semiconductor half-space within the hyperbolic two-temperature framework. The model accounts for coupled thermal, carrier-density, and mechanical fields, as well as material anisotropy induced by fiber reinforcement. The thermophysical and mechanical properties used for silicon (Si) and germanium (Ge) are summarized in Table 1 and form the basis of the comparative numerical analysis. The analytical expressions derived in the preceding sections were evaluated numerically using Mathematica. Selected governing parameters were varied to examine their effects on the spatial distributions of temperature (T^), conductive temperature (\varphi^), carrier density (N^), displacement components (u^) and (v^*), and the associated stress components. The results are presented as two-dimensional contour and surface plots over the (x)-(y) plane. Particular attention was given to the comparison between silicon and germanium and to the effects of wave number, relaxation time, anisotropic coefficients, and hyperbolic two-temperature parameters.

[Place Table 1 here]

Influence of Wave Number on the Propagation Characteristics of Coupled Photo-Thermoelastic Fields

Figures 3–5 illustrate the influence of the wave number on the thermodynamic temperature, carrier density, displacement components, conductive temperature, and stress fields. As shown in Figure 3A, the temperature decreases with distance from the heated surface, while the carrier-density response is shown in Figure 3B and the conductive-temperature response in Figure 3C. The longitudinal and transverse displacement responses are shown in Figures 4A, B, respectively. The normal stress, transverse normal stress, and shear stress responses are shown in Figures 5A–C, respectively.

Physical Interpretation of the Observed Trends
The wave number controls the spatial wavelength and attenuation of the coupled fields. A smaller wave number produces longer wavelengths and weaker spatial gradients, allowing thermal energy, carrier concentration, and mechanical disturbances to penetrate farther into the semiconductor and resulting in larger amplitudes and slower attenuation. Conversely, higher wave numbers strengthen spatial attenuation and reduce the field amplitudes. Within the hyperbolic two-temperature framework, the conductive and thermodynamic temperatures remain strongly coupled while accounting for finite-speed thermal-wave propagation. The resulting stress variations reflect the combined effects of thermal expansion, elastic restoring forces, and carrier-induced coupling.

[Place Figure 3 here]

[Place Figure 4 here]

[Place Figure 5 here]

Material-Dependent Response of Coupled Fields: Comparative Analysis Between Silicon and Germanium

Figure 6A–H compares the coupled photo-thermoelastic responses of silicon and germanium. Temperature, carrier density, longitudinal displacement, transverse displacement, conductive temperature, longitudinal normal stress, transverse normal stress, and shear stress are shown in Figures 6A–H, respectively.

Physical Interpretation of the Material Comparison
The differences between Si and Ge arise from their distinct thermal, elastic, and carrier-transport properties. Germanium produces higher thermal and conductive-temperature responses, whereas silicon exhibits stronger carrier transport. The small differences in longitudinal displacement and stress indicate weaker material sensitivity, while the larger differences in transverse displacement and stress indicate stronger dependence on material-dependent elastic and thermoelastic properties. Overall, semiconductor material selection influences the coupled thermal, mechanical, and carrier responses.

[Place Figure 6 here]

Physical Comparison Between Anisotropic and Isotropic Semiconductor Media
Figures 7 and 8 compare the coupled responses of anisotropic fiber-reinforced and isotropic semiconductor media. Temperature, carrier density, and conductive temperature are shown in Figures 7A–7C, respectively. Longitudinal displacement, transverse displacement, longitudinal normal stress, transverse normal stress, and shear stress are shown in Figures 8A–8E, respectively.

Physical Interpretation of the Observed Anisotropic Behavior
Fiber reinforcement primarily modifies the mechanical response, while the thermal and carrier fields remain nearly unchanged because they are mainly governed by thermal and carrier-transport properties. The directional stiffness introduced by the fibers restricts transverse deformation and redistributes internal stresses, resulting in substantial reductions in transverse displacement, transverse stress, and shear stress. The slight increase in longitudinal stress reflects the enhanced stiffness along the fiber direction. Overall, fiber reinforcement improves the mechanical stability of the coupled photo-thermoelastic semiconductor while preserving its thermal and carrier-transport behavior.

[Place Figure 7 here]

[Place Figure 8 here]

DATA AVAILABILITY:
The raw numerical data used to generate all figures presented in this study have been provided as Supplementary File 3. These datasets contain the numerical values corresponding to each figure, including the spatial distributions of all computed field variables for the considered parameter values, thereby enabling full reproducibility of the reported numerical results. 

FIGURE AND TABLE LEGENDS:
Figure 1: Schematic representation of an anisotropic fiber-reinforced semiconductor subjected to optical excitation. The reinforcing fibers are aligned along the -direction , while the incident laser generates coupled thermal, carrier-density, and mechanical fields within the semiconductor medium. The schematic also illustrates the wave propagation direction and the multiphysical interactions considered in the hyperbolic two-temperature photo-thermoelastic model.

Figure 2: Flowchart of the analytical solution procedure for the coupled anisotropic photo-thermoelastic model. The workflow summarizes the sequential steps of the proposed analytical formulation, including the derivation of the governing equations, nondimensionalization, normal mode transformation, matrix formulation, characteristic equation, eigenvalue and eigenvector analysis, application of the boundary conditions, determination of the unknown constants, and the generation of the numerical results and graphical distributions. 

Figure 3: Effect of wave number on thermal and carrier fields. (A) Dimensionless thermodynamic temperature. (B) Dimensionless carrier density. (C) Dimensionless conductive temperature. Each panel shows the corresponding field as a function of dimensionless distance for the considered wave-number values.

Figure 4: Effect of wave number on displacement fields. (A) Dimensionless longitudinal displacement. (B) Dimensionless transverse displacement. Each panel shows the corresponding displacement component as a function of dimensionless distance for the considered wave-number values.

Figure 5: Effect of wave number on stress fields. (A) Dimensionless longitudinal normal stress. (B) Dimensionless transverse normal stress. (C) Dimensionless shear stress. Each panel shows the corresponding stress component as a function of dimensionless distance for the considered wave-number values.

Figure 6: Comparison of silicon and germanium semiconductor responses. (A) Dimensionless temperature. (B) Dimensionless carrier density. (C) Dimensionless longitudinal displacement. (D) Dimensionless transverse displacement. (E) Dimensionless conductive temperature. (F) Dimensionless longitudinal normal stress. (G) Dimensionless transverse normal stress. (H) Dimensionless shear stress. Each panel compares silicon and germanium under the same model conditions.

Figure 7: Comparison of anisotropic and isotropic thermal and carrier responses. (A) Dimensionless temperature. (B) Dimensionless carrier density. (C) Dimensionless conductive temperature. Each panel compares the anisotropic fiber-reinforced and isotropic semiconductor media.

Figure 8: Comparison of anisotropic and isotropic mechanical responses. (A) Dimensionless longitudinal displacement. (B) Dimensionless transverse displacement. (C) Dimensionless longitudinal normal stress. (D) Dimensionless transverse normal stress. (E) Dimensionless shear stress. Each panel compares the anisotropic fiber-reinforced and isotropic semiconductor media.

Table 1: Thermophysical, Elastic, Fiber-Reinforcement, and Hyperbolic Two-Temperature Material Properties Employed for the Comparative Numerical Analysis of Silicon (Si) and Germanium (Ge). The table summarizes the material parameters adopted throughout the present study for silicon (Si) and germanium (Ge), including the thermophysical, elastic, fiber-reinforcement, and hyperbolic two-temperature coefficients. These properties constitute the input data for the numerical implementation of the proposed coupled photo-thermoelastic model and form the basis for all comparative investigations and parametric studies presented in the Results and Discussion section.

Supplementary File 1: Explicit Coefficients of the Eighth-Order Characteristic Polynomial. This supplementary file provides the explicit analytical expressions of the coefficients of the eighth-order characteristic polynomial obtained from the determinant of the coefficient matrix. These coefficients are used to determine the eigenvalues of the coupled photo-thermoelastic system.

Supplementary File 2. Explicit Components of the Eigenvectors. This supplementary file provides the explicit analytical expressions of the components of the eigenvectors associated with the admissible eigenvalues of the coupled photo-thermoelastic system. These components are obtained from the reduced homogeneous algebraic system and are used to construct the general analytical solution.

Supplementary File 3: Zipped files containing raw data for Figures 3-8.

DISCUSSION:
The numerical results characterize the coupled photo-thermoelastic response of an anisotropic fiber-reinforced semiconductor within the hyperbolic two-temperature framework. Decreasing the wave number increases the penetration depth and amplitude of the coupled fields, while the silicon-germanium comparison shows that material properties affect the thermal, carrier-density, and mechanical responses. The anisotropic-isotropic comparison shows that fiber reinforcement has a limited influence on the temperature and carrier-density fields but produces pronounced reductions in transverse displacement and stress components. The formulation combines photo-generated carrier transport, thermodynamic and conductive temperatures, and anisotropic fiber reinforcement, while the hyperbolic two-temperature framework accounts for finite-speed thermal-wave propagation.

The formulation is based on the small-deformation hypothesis, linear constitutive behavior, homogeneous material properties, and idealized boundary conditions. These assumptions permit analytical treatment while preserving the coupling among the thermal, mechanical, carrier-density, and conductive-temperature fields. Comparable modeling frameworks have been used in thermoelastic wave-propagation studies¹²˒²⁶˒³⁷˒⁴⁰. The assumptions may limit direct application to highly nonlinear or heterogeneous engineering systems. The analytical solutions can nevertheless provide benchmark results for numerical algorithms and for analysis of coupled wave propagation in fiber-reinforced anisotropic semiconductor media²⁵˒²⁸.

The coupled photo-thermoelastic model has potential applications in semiconductor and optoelectronic devices in which thermal, mechanical, and carrier-transport interactions influence performance. Relevant applications include laser-irradiated semiconductor structures, infrared sensing technologies, microelectromechanical and nanoelectromechanical systems (MEMS/NEMS), high-frequency electronic components, and photonic devices operating under coupled thermal loading⁶˒²¹˒²⁴. The inclusion of anisotropic fiber reinforcement and hyperbolic two-temperature effects provides a framework for examining heat transport, stress localization, and carrier diffusion in multifunctional semiconductor materials. These capabilities may support analysis of reliability, thermal management, and structural integrity under high-power optical excitation and rapid transient thermal processes²⁵˒²⁸˒²⁹.

Recovery of the classical Fourier model requires reformulation of the governing system after suppression of the hyperbolic two-temperature relation and derivation of a different coupled system; therefore, this case is outside the scope of the current formulation. In the hyperbolic two-temperature theory, the conductive temperature φ and thermodynamic temperature T are distinct but coupled field variables. The hyperbolic coupling provides a finite-speed thermal-wave description²⁶˒³⁹. In the classical one-temperature theory, the conductive and thermodynamic temperatures are identical, φ = T, and a single temperature field is used⁴³. In the classical two-temperature theory, the fields are related through the elliptic relation φ − T = bᵢⱼφ,ᵢⱼ. In the hyperbolic two-temperature theory, the relation is φ̈ − T̈ = bᵢⱼφ,ᵢⱼ³⁹˒⁴³. These formulations have different governing structures; assigning values to the hyperbolic parameters bᵢⱼ alone does not directly recover the classical one-temperature or classical two-temperature theories.

Validation within the present mathematical structure is performed through reduction of the anisotropic fiber-reinforced formulation to the corresponding isotropic case. The fiber-reinforcement contribution is eliminated by setting α = β = 0 and μL = μT, removing the directional dependence introduced by the reinforcing fibers and restoring isotropic material symmetry¹⁷. Under these conditions, the governing equations reduce to the corresponding isotropic thermoelastic formulation reported in the literature²⁵˒²⁸. Numerical comparisons between anisotropic and isotropic media in Figures 7 and 8 show the effects of fiber reinforcement on the thermal, carrier-density, displacement, and stress distributions and demonstrate the recovered isotropic behavior when the reinforcement parameters are removed.

Conclusion:
The analytical framework describes the coupled photo-thermoelastic response of an anisotropic fiber-reinforced semiconductor under hyperbolic two-temperature theory. The governing equations are transformed into dimensionless form and solved using the normal-mode technique and an eigenvalue-based elimination procedure. Decreasing the wavenumber increases the penetration depth of thermal and mechanical disturbances and the amplitudes of the temperature, carrier density, displacement, conductive temperature, and stress fields. Germanium generally exhibits higher thermal and stress responses, whereas silicon exhibits stronger carrier-transport characteristics. Fiber reinforcement has a minor effect on temperature and carrier-density distributions but substantially modifies the mechanical response, particularly transverse displacement and transverse and shear stresses. The framework may be extended to Moore-Gibson-Thompson and Green-Naghdi theories, memory-dependent effects, magnetic or rotational effects, and more complex material configurations.
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