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 A B S T R A C T

This study presents a stochastic framework for analyzing coupled photoacoustic thermo-hydro-mechanical 
interactions in a porous semiconductor medium, extending beyond conventional deterministic models by 
explicitly incorporating randomness, memory effects, and spatiotemporal nonlocality. Unlike classical ap-
proaches that assume idealized and noise-free conditions, the proposed formulation integrates stochastic 
boundary excitation through a Wiener process, enabling a more realistic representation of laser-induced 
thermal fluctuations. The constitutive relations are modeled using a Klein–Gordon-type nonlocal operator, 
incorporating intrinsic length- and time-scale parameters, while heat conduction is described within an 
extended Modified Green–Naghdi (MGN) framework that accounts for finite-speed propagation. Closed-form 
analytical solutions are obtained using normal-mode analysis, and numerical simulations are performed for 
poro-silicon to evaluate the impact of stochasticity on thermophysical fields. The results reveal that stochastic 
effects significantly amplify the near-surface thermal response, where the variance of temperature, 𝑉𝜃(𝑥, 𝑧, 𝑡), 
is observed to be approximately 70%–100% higher than the corresponding deterministic solution, indicating 
that stochasticity can nearly double the effective thermal fluctuations at the boundary. This discrepancy 
gradually diminishes with increasing depth, leading to convergence between stochastic and deterministic 
profiles. Additionally, acoustic pressure exhibits pronounced boundary-layer fluctuations before stabilizing 
within the medium. These findings demonstrate that incorporating stochastic effects is essential for accurately 
capturing boundary-dominated photoacoustic phenomena in semiconductor materials. The proposed model 
provides a unified and physically consistent framework that enhances predictive capability and is applicable 
to advanced technologies such as MEMS devices, photothermal imaging, laser-based material processing, and 
nanoscale semiconductor systems.
1. Introduction

Mathematical modeling plays a central role in advancing research 
across physics, mechanics, and microelectronics, particularly in the 
analysis of coupled multiphysics systems. Traditionally, many such 
models are formulated within a deterministic framework, which as-
sumes idealized conditions and neglects inherent uncertainties. How-
ever, real-world systems are inevitably influenced by stochastic fluctua-
tions arising from environmental disturbances, material heterogeneity, 
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and measurement errors. As a result, deterministic models often fail 
to fully capture the variability observed in practical scenarios. Incor-
porating stochastic effects into mathematical formulations provides a 
more realistic and reliable description of physical processes, thereby 
enhancing predictive capability and robustness. Several factors [1,2] 
necessitate this transition: real systems are rarely isolated and are 
continuously subjected to environmental noise; mathematical models 
often omit subtle or complex physical mechanisms; and experimental 
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List of symbols
𝜆, 𝜇 Lamé constants
𝛼𝑠 coefficient of thermal expansion semicon-

ductor
𝛾 = (3𝜆 + 2𝜇)𝛼𝑠 volumetric thermal expansion of semicon-

ductor
𝜌𝑠 density of the semiconductor
𝜌𝑤 pore water density
𝜌 density
𝐾 thermal conductivity
𝐷𝐸 carrier diffusion coefficient
𝑑𝑛 coefficient of electronic deformation
𝜏1 lifetime
𝐸𝑔 energy gap
𝑚 volumetric heat capacity of the semiconduc-

tor
𝜏0 relaxation time
𝛼𝑤 thermal expansion coefficient of pore water
𝑔 gravitational field
𝑘𝑑 coefficient of permeability
𝐶𝑠 heat capacity of semiconductor
𝐶𝑤 heat capacity of pore water
𝑇 temperature field
𝑃 excess pore water pressure
𝑁 carrier density
𝑐𝑠 sound-sped of the semiconductor
𝛽 volumetric thermal expansion coefficient
𝜕 adiabatic index
𝓁 intrinsic length-scale
𝜏 intrinsic time-scale
0 reference temperature

observations invariably contain uncertainties. These considerations
highlight the importance of stochastic approaches for developing
physically consistent and practically relevant models.

The need for stochastic modeling becomes particularly significant 
in thermal stress analysis of high-temperature systems and advanced 
materials. In applications such as microelectronic devices, laser-based 
systems, and heat-resistant structures, uncertainties may arise due to 
fluctuations in heat-transfer coefficients, variations in external temper-
ature, and unpredictable operating conditions. In practice, accurately 
characterizing thermal loads and mechanical responses remains a chal-
lenging task [3]. For example, spatial and temporal variations in heat-
transfer coefficients around stationary gas-turbine blades [4], as well as 
high-frequency random thermal oscillations in fast breeder reactors [5], 
introduce considerable complexity into the system behavior. These un-
certainties necessitate stochastic formulations to realistically evaluate 
temperature distributions and associated thermal stresses.

In parallel, the modeling of heat conduction in modern materi-
als requires going beyond the classical Fourier law, which assumes 
instantaneous propagation of thermal disturbances. This assumption 
becomes invalid in microscale and nanoscale systems, as well as under 
ultrafast thermal loading conditions. To address this limitation, non-
Fourier thermoelastic theories have been developed, among which the 
Green–Naghdi (GN) models represent a significant advancement. The 
GN theories (Types I-III) introduce the concept of thermal displace-
ment, enabling the description of wave-like heat propagation with finite 
speed. However, these models remain limited in their ability to cap-
ture relaxation dynamics, dispersion effects, and memory-dependent 
behavior observed in real materials.
2 
To overcome these limitations, the Modified Green–Naghdi (MGN) 
model has been proposed as a generalized framework for thermoelastic 
analysis. This model incorporates higher-order temporal derivatives 
of heat flux, multiple relaxation mechanisms, and memory kernels, 
drawing analogies with viscoelastic models such as Burgers and Kelvin–
Voigt types [6,7]. In this context, the parameter 𝜏 represents the 
thermal relaxation time, characterizing the delay in heat flux response 
and ensuring finite-speed thermal wave propagation. The parameter 𝓁
denotes the spatial nonlocal length scale, which accounts for long-range 
interactions within the material and becomes particularly important 
at micro and nanoscale dimensions. The parameter 𝜒 characterizes 
the strength of memory effects or internal damping, governing the 
extent to which past thermal states influence the present response. 
Together, these parameters enable the MGN model to provide a uni-
fied description of both diffusive and wave-like heat transport, while 
capturing nonlocality and memory effects in a physically meaningful 
manner. Notably, classical theories such as Fourier, Cattaneo–Vernotte, 
and Lord–Shulman models emerge as limiting cases of this generalized 
framework. The effectiveness of such non-Fourier formulations in ther-
moelastic problems has been demonstrated in various studies, including 
those by Marin and co-workers [8–10].

The Modified Green–Naghdi (MGN) model finds significant appli-
cation in the analysis of photothermal processes in semiconductor 
materials, particularly in the study and optimization of laser-based 
heating and photoacoustic device performance. In semiconductor sys-
tems, heat transfer occurs over microscale and nanoscale domains 
characterized by complex microstructures, carrier–phonon interactions, 
and strong coupling between thermal, electronic, and elastic fields. 
Under rapid or localized excitation conditions—such as laser irradi-
ation, ultrafast pulsed heating, or nanoparticle-assisted photothermal 
enhancement. The classical Fourier heat conduction model becomes 
inadequate, as it assumes instantaneous thermal propagation [11,12].

In addition to nonlocal and non-Fourier effects, semiconductor ma-
terials, especially porous semiconductors such as poro-silicon (PSi) 
that exhibit strong coupling between thermal, mechanical, electronic, 
and fluidic fields. These materials are widely used in optoelectronic 
devices, sensors, and energy systems due to their unique microstructure 
and multifunctional properties. In such media, temperature gradients 
induce stress waves that interact with carrier transport and pore-fluid 
motion, leading to complex thermo-hydro-mechanical coupling. The 
porous structure further amplifies these interactions by introducing 
additional degrees of freedom associated with pore pressure and fluid 
flow.

Such considerations are essential, as real-world semiconductor de-
vices routinely encounter fluctuations arising from laser excitation, 
environmental variations, and quantum-scale phenomena [13,14]. A 
rigorous understanding of these coupled wave dynamics has significant 
implications for MEMS design, laser-assisted material processing, pho-
tothermal spectroscopy, and advanced sensing technologies [15,16]. 
When such systems are subjected to laser irradiation or photothermal 
excitation, the boundary conditions themselves become uncertain due 
to fluctuations in energy deposition, surface conditions, and envi-
ronmental influences. This motivates the incorporation of stochastic 
boundary conditions into the modeling framework. The combination of 
stochasticity with nonlocal thermoelasticity is therefore not arbitrary; 
rather, it reflects the intrinsic physical nature of photothermal semicon-
ductor systems, where uncertainty, microscale effects, and multiphysics 
coupling coexist.

Motivated by these considerations, the present study focuses on the 
stochastic analysis of photo-thermoelastic wave propagation in a porous 
semiconductor half-space. The half-space configuration is particularly 
relevant for modeling surface-dominated processes such as laser heat-
ing, where strong gradients and boundary effects play a dominant role. 
The proposed formulation integrates stochastic boundary excitation 
with a spatiotemporal nonlocal model of Klein–Gordon type, enabling a 
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self-consistent description of coupled thermal, mechanical, electronic, 
hydromechanical, and acoustic fields.

The proposed framework addresses key shortcomings of earlier 
deterministic approaches by incorporating stochasticity directly into 
the boundary conditions [17]. Despite this advancement, the model re-
mains subject to assumptions of linear material response and Gaussian 
white-noise excitation, which may not fully capture the highly non-
linear and multiscale interactions that arise in semiconductors under 
extreme operating conditions. The principal strengths of the model lie 
in its enhanced representation of carrier transport in porous semicon-
ductor media, its improved predictive capability for device behavior 
under laser-induced thermal loading, and its ability to describe wave 
propagation in environments characterized by uncertainty [18–21]. In 
contrast to earlier formulations, the present constitutive relations simul-
taneously account for thermal effects, pore-fluid dynamics, and carrier 
density variations. By extending the classical Fourier heat conduction 
law within the modified Green–Naghdi theoretical framework, the gov-
erning thermal equation incorporates both thermoelastic coupling and 
stochastic photoexcitation applied at the boundary. The illuminated 
surface is subjected to a prescribed laser-generated heat flux, assumed 
to be traction-free and insulated from photoacoustic and pore-pressure 
influences. Closed-form analytical solutions to the coupled governing 
equations are derived using normal-mode analysis. Numerical investi-
gations for poro-silicon (PSi) reveal that stochastic effects significantly 
modify the near-surface response of the system. Although the discrep-
ancy between stochastic and deterministic solutions decreases with 
increasing depth, the variance of the stochastic temperature field re-
mains nearly twice that predicted by the deterministic model. Similarly, 
acoustic pressure exhibits pronounced fluctuations near the boundary 
before asymptotically converging to the deterministic profile. These 
results underscore the importance of stochastic modeling for achiev-
ing accurate and reliable predictions of photoacoustic phenomena in 
semiconductor materials. To provide a comprehensive overview of 
the computational workflow and ensure the reproducibility of the 
numerical results, the systematic steps involved in solving the coupled 
poro-photothermoelastic equations through the proposed numerical 
framework are summarized in Table  1.

2. Extended frameworks for heat propagation models

Drawing inspiration from the conceptual symmetry between vis-
coelastic mechanics and thermal transport, we introduce the concepts 
of thermal-viscous and thermal-elastic components. These serve as 
thermal counterparts to the traditional mechanical dashpot and spring, 
respectively. We let 𝜒 represent the thermal displacement, where its 
temporal derivative relates to temperature as 𝜒̇ = 𝑇  [22], and 𝜈 = ∇𝜒
signifies the gradient of this displacement. The governing constitutive 
relations for these fundamental units are defined as [22]: 
𝑞 = −𝑘⋆𝜈, 𝑞 = −𝑘𝜈̇, (1)

In this context, 𝑞 denotes the heat flux vector, 𝑘 is the coefficient of 
thermal conductivity, 𝜏 is the relaxation time, and 𝑘⋆ is defined by 
the ratio 𝑘∕𝜏. By leveraging the structural analogy between generalized 
heat transport and viscoelasticity [22], we can derive advanced con-
stitutive relations. These models are constructed by arranging thermal-
elastic and thermal-viscous units in various series and parallel architec-
tures, as depicted in Fig.  1. This framework allows for the derivation 
of several refined heat conduction models.

2.1. Cattaneo–Vernotte (CV) and Green–Naghdi (GN) variants

(i) The CV-type Formulation
In the CV-based approach, the thermal-elastic and thermal-viscous 

components are coupled such that a uniform heat flux passes through 
both elements: 
𝑞 = 𝑞 = 𝑞 . (2)
1 2

3 
Table 1
Algorithmic workflow of the proposed stochastic nonlocal model.
 Step Stage Description  
 1 Problem Definition Define geometry, fields, and 

laser-induced interaction.
 

 2 Constitutive Modeling Apply nonlocal Klein–Gordon relations 
with 𝓁 and 𝜏.

 

 3 Heat Model Adopt MGN framework with unified 
parameters 𝜒𝑖.

 

 4 Governing Equations Form coupled thermo-hydro-mechanical 
system.

 

 5 Nondimensionalization Introduce dimensionless variables.  
 6 Potential Functions Use Helmholtz decomposition.  
 7 Normal Modes Assume harmonic wave solution.  
 8 Field Solutions Obtain analytical expressions.  
 9 Boundary Conditions Apply thermal, mechanical, and carrier 

constraints.
 

 10 Constants Evaluation Solve algebraic system for coefficients.  
 11 Stochastic Modeling Introduce Wiener-based boundary noise.  
 12 Statistical Measures Compute mean and variance.  
 13 Numerical Study Evaluate using poro-silicon parameters.  
 14 Visualization Plot field distributions.  
 15 Interpretation Analyze stochastic and nonlocal effects.  

The cumulative thermal displacement gradient of the system is ob-
tained by summing the contributions of each individual unit: 
𝜈 = 𝜈1 + 𝜈2, (3)

where the individual fluxes are governed by: 
𝑞1 = −𝑘⋆𝜈1, 𝑞2 = −𝑘𝜈̇2. (4)

These conditions collectively establish the standard CV heat conduction 
model.

(ii) The GN-type Transport Model
Conversely, the GN model is characterized by a parallel arrange-

ment of elastic and viscous units. In this configuration, the total heat 
flux is the sum of the components’ fluxes, while the displacement 
gradient remains identical across units: 
𝑞 = 𝑞1 + 𝑞2, 𝜈 = 𝜈1 = 𝜈2, (5)

with the respective flux laws defined as: 
𝑞1 = −𝑘𝜈̇1, 𝑞2 = −𝑘⋆𝜈2. (6)

By integrating Eqs. (5) and (6), the GN model is expressed as: 
𝜏0𝑞̇ = −𝑘∇𝑇 − 𝑘𝜏0∇𝑇̇ . (7)

2.2. Modified Green–Naghdi (MGN) architectures

(i) The MGN-I Variant
The MGN-I model is established by placing a thermoelastic element 

in series with a parallel GN structure, resulting in [23]: 
𝑞 = 𝑞1 + 𝑞2, 𝜈 = 𝜈1 + 𝜈2,

𝜏1𝑞̇1 = −𝑘1∇𝑇 − 𝑘1𝜏1∇𝑇̇1, 𝑞2 = −𝑘⋆2∇𝑇2.
(8)

This assembly leads to the generalized relation: 
(

𝜏1 +
𝑘1
𝑘2
𝜏2

)

𝑞̇ +
𝑘1
𝑘2
𝜏1𝜏2𝑞 = −𝑘1∇𝑇 − 𝑘1𝜏1∇𝑇̇ . (9)

Assuming standardized parameters for all elements, the expression 
simplifies to: 
2𝜏 𝑞̇ + 𝜏2𝑞 = −𝑘∇𝑇 − 𝑘𝜏 ∇𝑇̇ . (10)
0 0 0
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Fig. 1. Representation of generalized modified heat transport models.
(ii) The MGN-II Variant
This model is realized by adding a thermoelastic unit in parallel to 

a CV-type configuration. The representative equations are [23]: 
𝑞 = 𝑞1 + 𝑞2, 𝜈 = 𝜈1 = 𝜈2,

𝑞1 = −𝑘⋆1 𝜈1, 𝑞2 + 𝜏2𝑞̇2 = −𝑘2∇𝑇2.
(11)

Combining these yields the higher-order transport equation: 
𝑘2
𝑘1
𝜏1𝑞̇ +

𝑘2
𝑘1
𝜏1𝜏2𝑞 = −𝑘2∇𝑇 − 𝑘2𝜏2∇𝑇̇ −

𝑘22𝜏1
𝑘1

∇𝑇̇ . (12)

For uniform properties, this reduces to [23]: 
𝜏0𝑞̇ + 𝜏20𝑞 = −𝑘∇𝑇 − 2𝑘𝜏0∇𝑇̇ . (13)

(iii) The MGN-III Variant
By connecting two GN units in a series sequence, we obtain the 

following system [23]: 
𝑞 = 𝑞1 + 𝑞2, 𝜈 = 𝜈1 + 𝜈2,

𝜏𝑖𝐷𝑞𝑖 = −(𝑘𝑖𝜏𝑖𝐷2 + 𝑘𝑖𝐷)𝜈𝑖, 𝑖 = 1, 2 (𝐷 ≡ 𝜕∕𝜕𝑡).
(14)

Under the assumption of homogeneous unit characteristics, the modi-
fied law is [23]: 
2𝜏0𝑞̇ + 2𝜏20𝑞 = −𝑘∇𝑇 − 2𝑘𝜏0∇𝑇̇ − 𝑘𝜏20∇𝑇̈ . (15)

(iv) The MGN-IV Variant
This model is constructed by integrating CV and GN units in a 

parallel arrangement. The governing relations for each branch are [23]:
𝑞 = 𝑞1 + 𝑞2, 𝜈 = 𝜈1 + 𝜈2,

𝑞1 + 𝜏1𝑞̇1 = −𝑘1∇𝑇1, 𝜏2𝑞2 = −𝑘2∇𝑇2 − 𝑘2𝜏2∇𝑇̇2.
(16)

With identical parameters, the resulting modified Fourier-type law 
is [23]: 
𝜏0𝑞̇ + 𝜏20𝑞 = −𝑘∇𝑇 − 3𝑘𝜏0∇𝑇̇ − 𝑘𝜏20∇𝑇̈ . (17)
4 
In summary, by mapping viscoelastic principles onto heat con-
duction, we demonstrate that GN-style models can be interpreted as 
parallel combinations of thermal-viscous and thermal-elastic units. This 
perspective facilitates the development of the MGN category of models. 
The dynamic complexity of the flux response is directly tied to the in-
ternal arrangement of these components. While the standard GN model 
involves first-order derivatives, the MGN variants typically introduce 
second-order temporal derivatives of the heat flux. This hierarchical 
approach successfully captures advanced thermal phenomena, such as 
varying heat transfer rates and evolving temperature gradients, offering 
a more nuanced simulation of physical thermal transport.

3. Basic equations

Klein–Gordon-type nonlocal theory introduces intrinsic spatial and 
temporal scales into the constitutive relations, allowing the material re-
sponse at any point to depend not only on local field values but also on 
the behavior of its surrounding neighborhood and past states [24–26]. 
This nonlocal formulation captures microstructural interactions, disper-
sive effects, and finite-speed propagation—features that are particularly 
important in heterogeneous and porous semiconductor media. Invok-
ing a stochastic photo-thermo-hydro-mechanical interaction in poro-
semiconductors, Klein–Gordon-type nonlocality provides a substantial 
advantage by offering enhanced stability and regularity in the pres-
ence of random fluctuations, modeling uncertainty more realistically, 
and accurately reflecting the influence of pore-scale heterogeneity on 
coupled optical, thermal, mechanical, and fluid-driven wave dynam-
ics. As consequence, this methodology delivers a more comprehensive 
and physically consistent explanation of the dynamics of stochastic 
multiphysics in advanced semiconductor devices.

Corresponding to this case, the constitutive relationship in the 
context of spatiotemporal nonlocal yields [27–30] 
(

1 − 𝓁2∇2 + 𝜏2 𝜕
2 )

𝜎𝑖𝑗 = 𝜆𝑢𝑘,𝑘𝛿𝑖𝑗 +𝜇(𝑢𝑖,𝑗 +𝑢𝑗,𝑖)−(𝑃 +𝛾𝑇 −𝛿𝑛𝑁)𝛿𝑖𝑗 . (18)
𝜕𝑡2
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The equation of motion in absence of body force is given by [31] 
(𝜆 + 𝜇) ∇ (∇ ⋅ 𝑢) + 𝜇∇2𝑢 − ∇𝑃 − 𝛾∇𝑇 − 𝛿𝑛∇𝑁 = 𝜌𝑢̈. (19)

To establish a clear connection between the thermo-viscoelastic frame-
work representing the extension of heat conduction models, it is im-
portant to note that the MGN models are systematically embedded 
into the present formulation through the set of unified parameters 𝜒𝑖
(𝑖 = 0, 1, 2, 3, 4). The MGN architectures, derived via series and 
parallel combinations of thermal-elastic and thermal-viscous elements, 
naturally lead to higher-order temporal derivatives of the heat flux 
and temperature gradients. These features are directly reflected in 
the generalized constitutive relation and the resulting heat transport 
equation through terms involving 𝑇̇ , 𝑇̈ , 𝑞̇, and q̈. By appropriately 
selecting the values of 𝜒𝑖, the unified model recovers the classical 
Cattaneo–Vernotte (CV), Green–Naghdi (GN), and all MGN variants 
as special cases. Thus, the parameter set 𝜒𝑖 serves as a bridge that 
translates the underlying thermo-viscoelastic network representation 
into a continuum-level field equation, while simultaneously enabling 
the incorporation of additional physical effects such as plasma coupling 
and nonlocal interactions within a single generalized framework.

Observe a scenario when free electrons in a flexible semiconductor 
substance are triggered by external light rays, causing to a carrier-
free variation density with energy 𝐸𝑔 , which denotes the gap of the 
semiconducting device. The absorbed optical energy causes a variation 
in deformation and elastic waves. On the other hand, the thermal-
elastic-plasma waves will alter the general form of heat equation. It has 
been shown that the quantity of light energy absorbed is proportional 
to the amount of electron–hole recombination occurs. Following is 
a statement of the modified Fourier’s law which is appropriate for 
semiconductor materials experiencing plasma effects. Therefore, the 
modified Fourier law can be express adjoining some unified parameters 
as follows 

−𝜒0𝐾∇𝑇 −𝐾𝜒1𝜏0∇𝑇̇ −𝜒2𝐾𝜏20∇𝑇̈ −∫
𝐸𝑔
𝜏1
𝑁𝑑𝐫 =

(

𝜒3𝜏0 + 𝜒4𝜏20𝐷𝑡
)

𝑞̇. (20)

Therefore, the heat conduction law is governed by 

𝜒0𝐾∇2𝑇 +𝐾𝜒1𝜏0∇2𝑇̇ +𝐾𝜒2𝜏20∇
2𝑇̈ +

𝐸𝑔
𝜏1
𝑁̇ =

(

𝜒3𝜏0 + 𝜒4𝜏20
𝜕
𝜕𝑡

)

[

𝑚𝑇̈ + 𝛾0𝑒
]

.

(21)

In the heat transport equation, 𝜒𝑖 (𝑖 = 0, 1, 2, 3, 4) are some unified 
parameters. In particular
𝜒0 = 0, 𝜒1 = 1, 𝜒2 = 0, 𝜒3 = 1, 𝜒4 = 1 corresponds to C-V model,
𝜒0 = 1, 𝜒1 = 1, 𝜒2 = 0, 𝜒3 = 1, 𝜒4 = 0 corresponds to GN model,
𝜒0 = 1, 𝜒1 = 1, 𝜒2 = 0, 𝜒3 = 2, 𝜒4 = 1 corresponds to MGN-I model,
𝜒0 = 1, 𝜒1 = 1, 𝜒2 = 2, 𝜒3 = 1, 𝜒4 = 1 corresponds to MGN-II model,
𝜒0 = 1, 𝜒1 = 1, 𝜒2 = 1, 𝜒3 = 2, 𝜒4 = 2 corresponds to MGN-III model,
𝜒0 = 1, 𝜒1 = 3, 𝜒2 = 1, 𝜒3 = 1, 𝜒4 = 1 corresponds to MGN-IV model.
Thermal-plasma wave coupling during the photoexcitation process gov-
erns the carrier continuity relation, which may be expressed as [32–34]
𝜕𝑁
𝜕𝑡

= 𝐷𝐸∇2𝑁 − 𝑁
𝜏1

+ 𝜅𝑇 . (22)

The interaction between thermal and plasma waves in the presence 
of thermal activation coupling parameter 𝜅 =

𝜕𝑁0
𝜕𝑇

𝑇
𝜏1

 is measured by 
the absorption optical energy, wherein 𝑁0 is the equilibrium carrier 
concentration.

For water, the mass conservation equation yields [35] 

𝑏
(

𝛼𝑤
𝜕𝑇
𝜕𝑡

− 𝜕𝑒
𝜕𝑡

)

− 𝜌𝑤
𝜕2𝑒
𝜕𝑡2

+ ∇2𝑃 = 0. (23)

Here, 𝑚 = (1 − 𝑛0)𝜌𝑠𝐶𝑠 + 𝑛0𝜌𝑤𝐶𝑤 in which 𝑛0 symbolizes porosity 
and 𝑏 = 𝑔𝜌𝑤

𝑘𝑑
. Also, the expression 𝑏

(

𝛼𝑤
𝜕𝑇
𝜕𝑡 − 𝜕𝑒

𝜕𝑡

)

 describes the dynamic 
linkage between pore pressure variations and the strain-rate of the 
solid skeleton. Here, 𝛾 is given by 𝛾 = (3𝜆 + 2𝜇)𝛼 , where 𝛼  is the 
𝑡 𝑡

5 
linear thermal expansion coefficient of the semiconductor, while 𝛿𝑛 =
(3𝜆+2𝜇)𝑑𝑛, in which 𝑑𝑛 denotes the electronic deformation coefficient. 
The volumetric strain of the material is defined as 𝑒 = ∇ ⋅ 𝑢.

The acoustic waves emitted by the thermal action of plasma in a 
semiconducting media are characterized by the photoacoustic pressure, 
which may be described as [35,36] 

∇2𝑃𝑎(𝑟, 𝑡) −
1
𝑐2𝑠

𝜕2𝑃𝑎(𝑟, 𝑡)
𝜕𝑡2

− 𝜕𝛽0
𝜕𝑇 (𝑟, 𝑡)
𝜕𝑡

= 0, (24)

where 𝑐𝑠 is the speed of sound in the material. Also, 𝛽0 denotes the 
volumetric thermal expansion coefficient and 𝜕 is the adiabatic index 
or specific heat ratio of the material.

4. Problem formulation

Consider the photoacoustic thermo-hydro-mechanical interaction in 
a semiconductor with the rectangular coordinate system (𝑥, 𝑦, 𝑧)
with 𝑥-axis pointing vertically upward as depicted in Fig.  2. For the 
simplicity of the problem, the wave propagation is further assumed in 
𝑥𝑧−plane. Therefore, in two-dimensional representation, the displace-
ment vector 𝑢 = (𝑢, 0, 𝑤) and temperature field 𝑇  are presumed to be 
function of spatial coordinates 𝑥, 𝑧 and time 𝑡 only. Thus, we have: 

𝑢 = (𝑢(𝑥, 𝑧, 𝑡), 0, 𝑤 = 𝑤(𝑥, 𝑧, 𝑡)) , 𝑇 = 𝑇 (𝑥, 𝑧, 𝑡), (25)

where 𝑢 and 𝑤 denote the horizontal and vertical displacement compo-
nents of the semiconductor. The constitutive equations for the present 
problem, in the context of spatiotemporal nonlocal effects, are given 
by: 
(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝜎𝑥𝑥 = 𝜆𝑒 + 2𝜇 𝜕𝑢
𝜕𝑥

− 𝑃 − 𝛾𝑇 − 𝛿𝑛𝑁,

(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝜎𝑧𝑧 = 𝜆𝑒 + 2𝜇 𝜕𝑤
𝜕𝑧

− 𝑃 − 𝛾𝑇 − 𝛿𝑛𝑁,

(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝜎𝑥𝑧 = 𝜇
( 𝜕𝑢
𝜕𝑧

+ 𝜕𝑤
𝜕𝑥

)

.

(26)

The equation of motion for the present problem can be expressed as

(𝜆 + 𝜇) 𝜕𝑒
𝜕𝑥

+𝜇
(

𝜕2𝑢
𝜕𝑥2

+ 𝜕2𝑢
𝜕𝑧2

)

− 𝜕𝑃
𝜕𝑥

−𝛾 𝜕𝑇
𝜕𝑥

−𝛿𝑛
𝜕𝑁
𝜕𝑥

= 𝜌
(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝑢̈,

(27)

(𝜆 + 𝜇) 𝜕𝑒
𝜕𝑧

+𝜇
(

𝜕2𝑤
𝜕𝑥2

+ 𝜕2𝑤
𝜕𝑧2

)

− 𝜕𝑃
𝜕𝑧

−𝛾 𝜕𝑇
𝜕𝑧

−𝛿𝑛
𝜕𝑁
𝜕𝑧

= 𝜌
(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝑤̈.

(28)

Based on the modified Green–Naghdi models, the corresponding heat 
conduction equation for the problem under consideration is stated as

𝜒0𝐾
(

𝜕2𝑇
𝜕𝑥2

+ 𝜕2𝑇
𝜕𝑧2

)

+𝐾𝜒1𝜏0

(

𝜕2𝑇̇
𝜕𝑥2

+ 𝜕2𝑇̇
𝜕𝑧2

)

+ 𝜒2𝐾𝜏20

(

𝜕2𝑇̈
𝜕𝑥2

+ 𝜕2𝑇̈
𝜕𝑧2

)

+
𝐸𝑔
𝜏1
𝑁̇ =

(

𝜒3𝜏0 + 𝜒4𝜏20
𝜕
𝜕𝑡

)

[

𝑚𝑇̈ + 𝛾0
𝜕2

𝜕𝑡2
( 𝜕𝑢
𝜕𝑥

+ 𝜕𝑤
𝜕𝑧

)

]

, (29)

Invoking suitable nondimensional quantities

𝑥∗ = 𝑐0𝜂𝑥, 𝑢∗ = 𝑐0𝜂𝑢, 𝑧∗ = 𝑐0𝜂𝑧, 𝑤∗ = 𝑐0𝜂𝑧, 𝓁∗ = 𝑐0𝜂𝓁, 𝑡∗ = 𝑐20𝜂𝑡,

𝜏∗0 = 𝑐20𝜂𝜏0, 𝜏∗ = 𝑐20𝜂𝜏, 𝑇 ∗ =
𝛾𝑇

𝜆 + 2𝜇
, 𝜎∗𝑖𝑗 =

𝜎𝑖𝑗
𝜇
, 𝑃 ∗ = 𝑃

𝜆 + 2𝜇
,

𝑁∗ =
𝛿𝑛𝑁
𝜆 + 2𝜇

,

𝜂 = 𝑚 , 𝑃 ∗
𝑎 =

𝑃𝑎 , 𝑐0 =

√

𝜆 + 2𝜇

𝐾 𝑃0 𝜌
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Fig. 2. Geometry of the model.
and after disregarding asterisk, the above equations can be represented 
in nondimensional form as 
(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝜎𝑥𝑥 =
(

𝛽2 − 2
)

𝑒 + 2 𝜕𝑢
𝜕𝑥

− 𝛽2(𝑃 + 𝑇 +𝑁), (30)
(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝜎𝑧𝑧 =
(

𝛽2 − 2
)

𝑒 + 2 𝜕𝑤
𝜕𝑧

− 𝛽2(𝑃 + 𝑇 +𝑁), (31)
(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝜎𝑥𝑧 =
𝜕𝑢
𝜕𝑧

+ 𝜕𝑤
𝜕𝑥

, (32)
(

1 − 1
𝛽2

)

𝜕𝑒
𝜕𝑥

+ 1
𝛽2

∇2𝑢− 𝜕𝑃
𝜕𝑥

− 𝜕𝑇
𝜕𝑥

− 𝜕𝑁
𝜕𝑥

=
(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝑢̈, (33)
(

1 − 1
𝛽2

)

𝜕𝑒
𝜕𝑧

+ 1
𝛽2

∇2𝑤− 𝜕𝑃
𝜕𝑧

− 𝜕𝑇
𝜕𝑧

− 𝜕𝑁
𝜕𝑧

=
(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝑤̈, (34)
(

∇2 − 𝜖1
𝜕
𝜕𝑡

−
𝜖1
𝜏1

)

𝑁 + 𝜖2𝑇 = 0, (35)

𝜒0∇2𝑇 + 𝜒1𝜏0∇2𝑇̇ + 𝜒2𝜏20∇
2𝑇̈ + 𝜖3𝑁̇

=
(

𝜒3𝜏0 + 𝜒4𝜏20
𝜕
𝜕𝑡

)

[

𝑇̈ + 𝜖𝑇
𝜕2

𝜕𝑡2
( 𝜕𝑢
𝜕𝑥

+ 𝜕𝑤
𝜕𝑧

)

]

, (36)

∇2𝑃 −
(

𝜖5
𝜕
𝜕𝑡

+ 𝜖6
𝜕2

𝜕𝑡2

)

𝑒 + 𝜖4
𝜕𝑇
𝜕𝑡

= 0, (37)
(

∇2 − 𝜖𝑝
𝜕2

𝜕𝑡2

)

𝑃𝑎 − 𝜂𝑝
𝜕
𝜕𝑡

= 0, (38)

where

𝜖1 =
1

𝐷𝐸𝜂
, 𝜖2 =

𝜅𝛿𝑛
𝐷𝐸𝑐20𝜂

2𝛾
, 𝜖3 =

𝐸𝑔𝛾𝑐20𝜂
𝜏1𝑚𝛿𝑛

, 𝜖𝑇 =
𝛾20

𝑚(𝜆 + 2𝜇)
,

𝛽2 =
𝜆 + 2𝜇
𝜇

, 𝜖4 =
𝑏𝛼𝑤
𝛾𝜂

, 𝜖5 =
𝑏

𝜂(𝜆 + 2𝜇)
, 𝜖6 =

𝜌𝑤
𝜌
, 𝜖𝑝 =

𝑐20
𝑐2𝑠
,

𝜂𝑝 = 𝜕𝛽0
𝜌𝑐20
𝛾𝜂𝑃0

.

By invoking the Helmholtz decomposition theorem, the displacement 
field is expressed in terms of the potential functions 𝑞 and 𝑈⃗ as follows:
𝑢 = ∇𝑞 + ∇ × 𝑈⃗ , ∇ ⋅ 𝑈⃗ = 0. (39)
6 
In this formulation, 𝑞(𝑥, 𝑧, 𝑡) and 𝑈⃗ (𝑥, 𝑧, 𝑡) correspond to the scalar 
and vector potential functions, respectively. Hence, the displacement 
components 𝑢 and 𝑤 may be written in terms of these potentials by the 
relations given below: 

𝑢 =
𝜕𝑞
𝜕𝑥

+
𝜕𝜓
𝜕𝑧
, 𝑤 =

𝜕𝑞
𝜕𝑧

−
𝜕𝜓
𝜕𝑥

while 𝜓 = (−𝑈⃗ )𝑦, (40)

so that, the above equations reduce to 

∇2𝑞 −
(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝜕2𝑞
𝜕𝑡2

− (𝑃 + 𝑇 +𝑁) = 0, (41)

1
𝛽2

∇2𝜓 −
(

1 − 𝓁2∇2 + 𝜏2 𝜕
2

𝜕𝑡2

)

𝜕2𝜓
𝜕𝑡2

= 0. (42)

5. Solution of the problem

The physical quantities admit a normal mode representation, which 
can be written as follows:
(

𝑞, 𝜓, 𝑃𝑎, 𝑇 , 𝜎𝑖𝑗 , 𝑁, 𝑃
)

(𝑥, 𝑧, 𝑡)

=
(

𝑞⋆, 𝜓⋆, 𝑃⋆𝑎 , 𝑇
⋆, 𝜎⋆𝑖𝑗 , 𝑁

⋆, 𝑃⋆
)

(𝑥)𝑒𝜔𝑡+𝑖𝑐𝑧, (43)

where 𝜔 (complex) is the frequency, 𝑐 represents the wave number 
along 𝑧−direction whereas 𝑞⋆, 𝜓⋆, 𝑃⋆𝑎 , 𝑇 ⋆, 𝜎⋆𝑖𝑗 , 𝑁⋆, 𝑃⋆ being the 
amplitudes of the respective thermophysical fields. Recalling the re-
lationship of normal modes defined in the relation (43), thereinafter 
Eqs. (30)–(42) can be respectively expressed as 
(

𝐷2 − 𝛼1
)

𝑁⋆ + 𝜖2𝑇 ⋆ = 0, (44)

[

𝐷2 − (𝑐2 + 𝑐42)
]

𝑇 ⋆ − 𝜖𝑇 𝑐42(𝐷2 − 𝑐2)𝑞⋆ + 𝑐41𝑁⋆ = 0, (45)

(𝐷2 − 𝑐2)𝑃⋆ −
(

𝜖5𝜔 + 𝜖6𝜔2) (𝐷2 − 𝑐2)𝑞⋆ + 𝜖4𝜔𝑇 ⋆ = 0, (46)

(

𝐷2 − 𝑐2 − 𝜖𝑝𝜔2)𝑃⋆𝑎 = 𝜂𝑝𝜔𝑇
⋆, (47)

𝑐53𝐷
2𝛹⋆ − 𝑐54𝜓⋆ = 0, (48)

𝑐 𝐷2𝑞⋆ − 𝑐 𝑞⋆ − (𝑃⋆ + 𝑇 ⋆ +𝑁⋆) = 0, (49)
52 51
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(

𝜉1 − 𝓁2𝐷2) 𝜎⋆𝑥𝑥 = 𝛽2𝐷2𝑞⋆ + 2𝑐2𝑞⋆ + 2𝑐𝑖𝐷𝜓⋆ − 𝛽2(𝑃⋆ + 𝑇 ⋆ +𝑁⋆), (50)

(

𝜉1 − 𝓁2𝐷2) 𝜎⋆𝑧𝑧 =
(

𝛽2 − 2
)

𝐷2𝑞⋆+𝛽2𝑐2𝑞⋆−2𝑐𝑖𝐷𝜓⋆−𝛽2(𝑃⋆+𝑇 ⋆+𝑁⋆),

(51)

(

𝜉1 − 𝓁2𝐷2) 𝜎⋆𝑥𝑧 = −𝐷2𝜓⋆ + 2𝑖𝑐𝐷𝑞⋆ − 𝑐2𝜓⋆, (52)

Solving the above set of equations, we arrive at the differential equa-
tions satisfied by 𝑁⋆ and 𝑃⋆ as follows 
(

𝐷6 − 1𝐷
4 + 2𝐷

2 − 3
) (

𝑁⋆, 𝑃⋆
)

= 0, (53)

where

𝛼1 = 𝑐2 + 𝜖1𝜔 + 𝜖1
𝜏1
, 𝑐41 =

𝜖3𝜔
𝜒0 + 𝜒1𝜏0 + 𝜒2𝜏20𝜔

2
,

𝑐42 =

(

𝜒3𝜏0 + 𝜒4𝜏20𝜔
)

𝜔2

𝜒0 + 𝜒1𝜏0 + 𝜒2𝜏20𝜔
2
, 𝜉1 = 1 + 𝓁2𝑐2 + 𝜏2𝜔2,

𝑐51 = 𝑐2 + 𝜔2(1 + 𝓁2𝑐2 + 𝜏2𝜔2), 𝑐52 = 1 + 𝓁2𝜔2,
𝑐53 = 1 + 𝛽2𝓁2𝜔2, 𝑐54 = 𝑐2 − 𝛽2𝜔2(1 + 𝓁2𝑐2 + 𝜏2𝜔2),
𝑐61 = 𝜖5𝜔 + 𝜖6𝜔2, 𝑐62 = 𝑐2 + 𝜖𝑝𝜔2,
𝑐63 = 𝑐2 + 𝑐42, 𝑐71 = 𝑐63 + 𝛼1,
𝑐72 = 𝑐63𝛼1 − 𝑐41𝜖2, 𝑐73 = 𝑐61𝑐71 + 𝜖4𝜖𝑇 𝑐42𝜔,
𝑐74 = 𝑐61𝑐72 + 𝜖4𝜖𝑇 𝑐42𝜔𝛼1, 1 =

𝑐81 − 𝑐61
𝑐52

,

2 =
𝑐82 − 𝑐73
𝑐52

, 3 =
𝑐83 − 𝑐74
𝑐52

,

𝑐81 = 𝑐52𝑐71 + 𝑐51 + 𝜖𝑇 𝑐42, 𝑐82 = 𝑐52𝑐72 + 𝑐51𝑐71 + 𝜖𝑇 𝑐42𝑐2

+𝜖𝑇 𝑐42(𝛼1 + 𝜖2),
𝑐83 = 𝑐51𝑐72 + 𝜖𝑇 𝑐42𝑐2(𝛼1 + 𝜖2), 𝐷 = 𝑑

𝑑𝑥 .

Eq.  (53) further can be expressed as 
(

𝐷2 − 𝑘21
) (

𝐷2 − 𝑘22
) (

𝐷2 − 𝑘23
) (

𝑁⋆, 𝑃⋆
)

= 0, (54)

The solution of the differential Eq. (54) is given by 

𝑁⋆(𝑥) =
3
∑

𝑖=1
𝐴𝑖𝑒

−𝑘𝑖𝑥, (55)

𝑃⋆(𝑥) =
3
∑

𝑖=1
ℎ1𝑖𝐴𝑖𝑒

−𝑘𝑖𝑥, (56)

where

ℎ1𝑖 =
𝑐61𝑘4𝑖 − 𝑐73𝑘

2
𝑖 + 𝑐74

𝜖2𝜖𝑇 𝑐42
(

𝑐2 − 𝑘2𝑖
) , 𝑖 = 1, 2, 3.

Therefore, substituting the solution for carrier density and excess pore 
water pressure from Eqs.  (55) and (56) in Eq.  (44) yields the tempera-
ture distribution as 

𝑇 ⋆(𝑥) =
3
∑

𝑖=1
ℎ2𝑖𝐴𝑖𝑒

−𝑘𝑖𝑥, (57)

in which,

ℎ2𝑖 =
𝛼1 − 𝑘2𝑖
𝜖2

.

Substituting the solutions from Eqs. (55)–(57) in Eq.  (49), the solution 
for the scalar potential function 𝑞(𝑥, 𝑧, 𝑡) yields 

𝑞⋆(𝑥) = 𝑒−𝑘𝑗𝑥 + 1
𝑐52

3
∑

𝑖=1

(

ℎ1𝑖 + ℎ2𝑖 + 1
)

𝑘2𝑖 − 𝑘
2
𝑗

𝐴𝑖𝑒
−𝑘𝑖𝑥, (58)

where 𝑘2𝑗 =
𝑐51
𝑐52
.

Also, the solution of the potential function 𝛹 can be obtained 
from Eq.  (48) in the following form 

𝜓⋆(𝑥) = 𝑒−𝑘𝜂𝑥, (59)
7 
Also, the solution for the photoacoustic pressure is obtained from 
differential Eq. (47) in the following form 

𝑃⋆𝑎 (𝑥) = 𝑒−𝑘𝛼𝑥 + 𝜂𝑝𝜔
3
∑

𝑖=1

ℎ2𝑖
𝑘2𝑖 − 𝑘2𝛼

𝐴𝑖𝑒
−𝑘𝑖𝑥, (60)

in which, 𝑘2𝜂 =
𝑐54
𝑐53

 and 𝑘2𝛼 = 𝑐62.
Further, from Eqs. (50) and (52), the amplitudes of the stress 

distributions have been represented as

𝜎⋆𝑥𝑥(𝑥) =
(𝛽2𝑘2𝑗 + 2𝑐2)

𝜉1 − 𝓁2𝑘2𝑗
𝑒−𝑘𝑗𝑥 −

2𝑐𝑖𝑘𝜂
𝜉1 − 𝓁2𝑘2𝜂

𝑒−𝑘𝜂𝑥

+
3
∑

𝑖=1

(

ℎ1𝑖 + ℎ2𝑖 + 1
𝜉1 − 𝓁2𝑘2𝑖

)⎧

⎪

⎨

⎪

⎩

(

𝛽2𝑘2𝑖 + 2𝑐2
)

𝑐52
(

𝑘2𝑖 − 𝑘
2
𝑗

) − 𝛽2
⎫

⎪

⎬

⎪

⎭

𝐴𝑖𝑒
−𝑘𝑖𝑥, (61)

𝜎⋆𝑥𝑧(𝑥) = −

(

𝑘2𝜂 + 𝑐
2
)

𝜉1 − 𝓁2𝑘2𝜂
𝑒−𝑘𝜂𝑥

− 2𝑖𝑐

⎡

⎢

⎢

⎢

⎣

𝑘𝑗

𝜉1 − 𝓁2𝑘2𝑗
𝑒−𝑘𝑗𝑥 + 1

𝑐52

3
∑

𝑖=1

(

ℎ1𝑖 + ℎ2𝑖 + 1
)

𝑘𝑖
(

𝑘2𝑖 − 𝑘
2
𝑗

)

(

𝜉1 − 𝓁2𝑘2𝑖
)

𝐴𝑖𝑒
−𝑘𝑖𝑥

⎤

⎥

⎥

⎥

⎦

.

(62)

6. Boundary conditions and surface constraints

(i) The surface photoacoustic pressure arises from the synergistic 
interaction between volumetric strain induced by photoexcited carriers 
and the thermoelastic expansion resulting from instantaneous laser 
heating. This coupling creates a transient rise in the local stress field, 
serving as the primary source for acoustic wave generation. These 
pressure disturbances then propagate into the bulk medium, effectively 
dissipating energy as photoacoustic waves [37–40]. Consequently, the 
acoustic pressure at the boundary interface 𝑥 = 0 is defined as [37–39]:
𝑎𝑐 (0, 𝑧, 𝑡) = 0. (63)

(ii) To account for energy deposition at the irradiated surface, we define 
a thermal flux boundary condition. This formulation incorporates both 
the predictable absorption of the laser source and the inherent stochas-
ticity arising from excitation noise [41–43]. Such a stochastic approach 
provides a high-fidelity representation of photo-thermo-mechanical 
energy transfer. For a ramp-type thermal excitation, the condition is 
specified as [38,43]: 
𝜕𝑇
𝜕𝑥

|

|

|

|𝑥=0
=
𝑞0
𝐾

exp
(

−
𝜌2

𝜁𝐺

)

= 0. (64)

In this expression, 𝜌 represents the Gaussian radial coordinate of the 
laser spot, 𝜁𝐺 denotes the characteristic beamwidth, and 𝑞0 signifies 
the maximum heat flux intensity.

(iii) Based on Biot’s poroelasticity theory, the pore pressure at the 
boundary is dictated by fluid flux constraints. In the current configu-
ration [44], the absence of hydraulic permeability between the porous 
semiconductor and its environment implies that the fluid pressure at 
the interface vanishes: 
(0, 𝑧, 𝑡) = 0. (65)

(iv) The peripheral plane of the semiconductor is assumed to be isolated 
from external laser-induced carrier generation or recombination effects. 
This leads to the following Dirichlet boundary condition for carrier 
density: 
𝑁(0, 𝑧, 𝑡) = 𝑁̄, (66)

where 𝑁̄ represents the steady-state equilibrium carrier concentration.
(v) Finally, we assume the semiconductor surface is mechanically 

traction-free, a condition typical for half-space problems where the 
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material is in contact with air or a vacuum. The resulting normal and 
tangential stress components at the boundary are: 
𝜎𝑥𝑥(0, 𝑧, 𝑡) = 0, (67)

𝜎𝑥𝑧(0, 𝑧, 𝑡) = 0. (68)

By applying these boundary constraints to the governing Eqs. (55)–(6
the following system of equations is established: 

 + 𝜂𝑝𝜔
3
∑

𝑖=1

ℎ2𝑖
𝑘2𝑖 − 𝑘2𝛼

𝐴𝑖 = 0,

3
∑

𝑖=1
ℎ2𝑖𝑘𝑖𝐴𝑖𝑒

𝜔𝑡+𝑖𝑐𝑧 = 𝑇0,

3
∑

𝑖=1
ℎ1𝑖𝐴𝑖 = 0,

3
∑

𝑖=1
𝐴𝑖𝑒

𝜔𝑡+𝑖𝑐𝑧 = 𝑁0,

(𝛽2𝑘2𝑗 + 2𝑐2)

𝜉1 − 𝓁2𝑘2𝑗
−

2𝑐𝑖𝑘𝜂
𝜉1 − 𝓁2𝑘2𝜂

 +
3
∑

𝑖=1

(

ℎ1𝑖 + ℎ2𝑖 + 1
𝜉1 − 𝓁2𝑘2𝑖

)⎧

⎪

⎨

⎪

⎩

(

𝛽2𝑘2𝑖 + 2𝑐2
)

𝑐52
(

𝑘2𝑖 − 𝑘
2
𝑗

) − 𝛽2
⎫

⎪

⎬

⎪

⎭

𝐴𝑖 = 0,


(

𝑘2𝜂 + 𝑐
2
)

𝜉1 − 𝓁2𝑘2𝜂
+ 2𝑖𝑐

⎡

⎢

⎢

⎢

⎣

𝑘𝑗

𝜉1 − 𝓁2𝑘2𝑗
+ 1
𝑐52

3
∑

𝑖=1

(

ℎ1𝑖 + ℎ2𝑖 + 1
)

𝑘𝑖
(

𝑘2𝑖 − 𝑘
2
𝑗

)

(

𝜉1 − 𝓁2𝑘2𝑖
)

𝐴𝑖

⎤

⎥

⎥

⎥

⎦

= 0.

(69)

The solution of the algebraic system (69) determines the unknown 
coefficients 𝐴𝑖 (𝑖 = 1, 2, 3), ,  and . Consequently, the solution 
procedure for the present problem is finalized.

7. Stochastic framework for thermophysical field evolutions

To simulate real-world irregularities within the semiconductor
medium — particularly those involving carrier migration and electrical 
conductivity — we embed stochastic variables into the analytical 
model. The inherent uncertainty in charge carrier kinetics is modeled 
by introducing random fluctuations into the governing relations, under 
the premise of a Gaussian white-noise distribution. This methodology 
facilitates an exploration of how randomness impacts wave mechan-
ics, while the selected mathematical transformations ensure that the 
fundamental statistical features of the random processes are preserved.

Incorporating probabilistic elements into the governing equations 
provides a higher-fidelity understanding of semiconductor material re-
sponses under erratic environmental conditions. By integrating Wiener 
processes, we can effectively simulate random variations in conduc-
tivity, carrier concentration, and thermal parameters. These stochastic 
variables alter energy dissipation patterns and dispersion characteris-
tics by adding uncertainty to the signal propagation pathways.

Under specific regimes, random fluctuations can modify wave sta-
bility and damping by broadening the spectral breadth. In contrast to 
purely deterministic frameworks, the application of Wiener noise neces-
sitates a probabilistic interpretation, relying on variance and expected 
value analysis to clarify physical phenomena. Additionally, stochastic 
influences on boundary conditions produce time-varying disturbances 
that affect thermo-mechanical responses at material interfaces. This 
refined approach offers a more realistic depiction of semiconductor 
behavior for nanoelectronics and optoelectronics, where micro-level 
changes in charge density or temperature profoundly affect global 
system dynamics.

7.1. Static temperature component

The resolved deterministic temperature field is given by: 

 (𝑥, 𝑧, 𝑡) =

( 3
∑

ℎ2𝑛𝑛𝑒
−𝜅𝑛𝑥

)

exp(𝜔𝑡 + 𝑖𝑐𝑧), (70)

𝑛=1
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where the boundary constraint is defined as: 
1(𝑡) = 0(𝑡) = 𝛩⋆(𝑡) for 𝑡 > 0, (71)

7.2. Randomized thermal distribution

The intrinsic thermal noise at conducting surfaces is represented by 
a stochastic boundary condition. Such variability may arise from laser 
power instability, photon flux, or ambient disturbances. For analytical 
consistency, the boundary thermal input is treated as a white-noise 
signal, the integral of which yields a Wiener process. While physical 
thermal noise often possesses a finite correlation (colored noise), the 
white-noise approximation is the standard convention in semiconduc-
tor transport physics for identifying dominant boundary uncertainties. 
Thus, the thermal boundary is defined via a random process 𝜌0(𝑡): 
0(𝑡) = 1 + 𝜌0(𝑡), (72)

where 𝜌0(𝑡) is a stochastic function characterized by the zero-expectation
property: 
E
[

𝜌0(𝑡)
]

= 0. (73)

Assuming 𝜌0(𝑡) behaves as white noise, the following property holds for 
any non-random signal: 
E
[

 (𝑥, 𝑧, 𝑡)
]

=  (𝑥, 𝑧, 𝑡) (74)

The Wiener process 𝑡 is established by the following criteria:

1. Initialization: 0 = 0 almost surely.
2. Independence: For any 𝑡 > 0, the future increment 𝑡+𝑢 −𝑡 is 
independent of the past.

3. Gaussian Nature: Increments follow a normal distribution, 𝑡+𝑢−
𝑡 ∼  (0, 𝑢).

4. Continuity: The sample paths are continuous with probability 
one.

Based on these properties, the temperature relation (70) is reorga-
nized as: 
 (𝑥, 𝑧, 𝑡) = 𝜓(𝑥, 𝑧, 𝑡) + 𝛤 (𝑥, 𝑧, 𝑡)0 (75)

Substituting (72) into (75) results in:
 (𝑥, 𝑧, 𝑡) = 𝜓(𝑥, 𝑧, 𝑡) + 𝛤 (𝑥, 𝑧, 𝑡)[1 + 𝜌0(𝑡)]

= {𝜓(𝑥, 𝑧, 𝑡) + 𝛤 (𝑥, 𝑧, 𝑡)𝛩⋆} + 𝛤 (𝑥, 𝑧, 𝑡)𝜌0(𝑡)

=  𝑑𝑒𝑡(𝑥, 𝑧, 𝑡) + 𝛤 (𝑥, 𝑧, 𝑡)𝜌0(𝑡),

where  𝑑𝑒𝑡 denotes the non-stochastic baseline solution.
Treating white noise 𝜌(𝑡) as the derivative of the Wiener process 

(𝑑∕𝑑𝑡), the integral form is: 

 (𝑥, 𝑧, 𝑡) =  𝑑𝑒𝑡(𝑥, 𝑧, 𝑡) + ∫

𝑡

0
𝛤 (𝑥, 𝑧, 𝑡 − 𝑢)𝜌(𝑢)𝑑𝑢 (76)

Using the Ito representation: 

 (𝑥, 𝑧, 𝑡) =  𝑑𝑒𝑡(𝑥, 𝑧, 𝑡) + ∫

𝑡

0
𝛤 (𝑥, 𝑧, 𝑡 − 𝑢)𝑑(𝑢). (77)

The autocorrelation for the thermal process  (𝑡) is computed as:
  (𝑡1, 𝑡2) = E[ (𝑡1) (𝑡2)]

= E[ 𝑑𝑒𝑡
1  𝑑𝑒𝑡

2 ] + 𝛤1𝛤2𝜌0𝜌0 (𝑡1, 𝑡2)

When 𝑡1 = 𝑡2 = 𝑡, the mean square value becomes: 

E[ 2(𝑥, 𝑧, 𝑡)] = ∫

𝑡

0
(𝛤 (𝑥, 𝑧, 𝜉))2𝑑𝜉 + (E[ (𝑥, 𝑧, 𝑡)])2 (78)

Hence, the temperature field variance is defined by: 

𝑎𝑟[ (𝑥, 𝑧, 𝑡)] = ∫

𝑡
(𝛤 (𝑥, 𝑧, 𝜉))2𝑑𝜉. (79)
0
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7.3. Carrier concentration fluctuations

The deterministic carrier density is given by: 

 (𝑥, 𝑧, 𝑡) =

( 3
∑

𝑛=1
𝑛𝑒

−𝜅𝑛𝑥

)

exp(𝜔𝑡 + 𝑖𝑐𝑧) (80)

The expected carrier concentration coincides with the non-stochastic 
model: 
E[ (𝑥, 𝑧, 𝑡)] =  (𝑥, 𝑧, 𝑡) (81)

Applying the same probabilistic integration: 

 (𝑥, 𝑧, 𝑡) =  𝑑𝑒𝑡(𝑥, 𝑧, 𝑡) + ∫

𝑡

0
𝛹 (𝑥, 𝑧, 𝑡 − 𝑢)𝜌(𝑢)𝑑𝑢 (82)

The variance for the concentration field is: 

𝑎𝑟[ (𝑥, 𝑧, 𝑡)] = ∫

𝑡

0
𝛹 2(𝑥, 𝑧, 𝜉)𝑑𝜉 (83)

7.4. Pore-water pressure stochasticity

The baseline pore-water pressure field is defined as: 

(𝑥, 𝑧, 𝑡) =

( 3
∑

𝑛=1
ℎ1𝑛𝑛𝑒

−𝜅𝑛𝑥

)

exp(𝜔𝑡 + 𝑖𝑐𝑧) (84)

Its mean value is identical to the deterministic solution: 
E[(𝑥, 𝑧, 𝑡)] = (𝑥, 𝑧, 𝑡) (85)

The total pressure field in the stochastic domain is: 

(𝑥, 𝑧, 𝑡) = 𝑑𝑒𝑡(𝑥, 𝑧, 𝑡) + ∫

𝑡

0
𝛶 (𝑥, 𝑧, 𝑡 − 𝑢)𝜌(𝑢)𝑑𝑢 (86)

The variance for this field is evaluated as: 

𝑎𝑟[(𝑥, 𝑧, 𝑡)] = ∫

𝑡

0
𝛶 2(𝑥, 𝑧, 𝜉)𝑑𝜉. (87)

Following this methodology, the stochastic behaviors of displace-
ment and stress distributions can be similarly resolved.

8. Numerical results and interpretations

With an aim to illustrate the solution of the thermophysical quan-
tities such as the temperature, displacement, carrier density, stress, 
excess pore water pressure and photoacoustic pressure in the space–
time domain, we now implement suitable numerical scheme for the 
determination of the solution. For the purpose of numerical illustration, 
poro-silicon (Psi) is used due to its spongy and nanostructured form 
with tiny pores [21], created by etching bulk silicon, giving a huge 
surface area and unique optical/electrical properties [45,46].
𝜆 = 3.64 × 1010 N m−2, 𝜇 = 5.46 × 1010 N m−2, 𝜌𝑠 = 2.3 × 103 kg m−3,
𝜌𝑤 = 103 kg m−3, 𝑘𝑑 = 10−8m s−1, 𝐶𝑤 = 4 × 103 J kg−1 K−1,
𝛼𝑤 = 2 × 10−4 ◦C−1, 𝐶𝑠 = 6 × 102 J kg−1 K−1, 0 = 800 K,
𝑑𝑛 = −9 × 10−31 m3, 𝐷𝐸 = 2, 5 × 10−3m2 s−1, 𝐸𝑔 = 1.11 eV,
𝛼𝑠 = 4.14 × 10−6 K−1, 𝐾 = 150 W m−1 K−1, 𝜌 = 2000 kg m−3,
𝜏0 = 0.2, 𝑝 = 100 N, 𝑁0 = 9.65 × 109 cm−3,
𝜃1 = 300 K, 𝑐𝑠 = 8430 m s−1, 𝛽0 = 2.56 × 10−6 ◦C,
𝜕 = 1.6666, 𝑞0 = 1.27 × 106 W m−2, 𝑟 = 0.5 × 10−3 m,
𝛿𝐺 = 0.354 m, 𝓁 = 0.2, 𝜏 = 0.1,
𝑛0 = 0.4, 𝑃0 = 100 N, 𝜏1 = 5 × 10−5 s,
𝜔 = 5 + 2𝑖, 𝑐 = 5, 𝑧 = 0.2.

8.1. Implications of nonlocal length scales parameter on deterministic vari-
ables

This subsection illustrates how the thermophysical quantities such 
as the temperature, carrier density, water pressure, acoustic pressure, 
normal stress and the shearing stress are influenced by the variation of 
9 
the intrinsic nonlocal length-scale parameter 𝓁. The numerical compu-
tations at instant 𝑡 = 0.15 and the characteristic time-scale parameter 
is assumed as 𝜏 = 0.10 for length 𝑧 = 0.2. In these analysis, the heat 
conduction equation is framed in the context of MGN-IV model.

To evaluate the role of the nonlocal length-scale parameter 𝓁 on the 
variation of the temperature against the height 𝑥 of the photothermal 
poro-silicon medium, Fig.  3(a) has been depicted. It is seen that the 
temperature profile attains the maximum magnitude on the plane 𝑥 = 0, 
and gradually the temperature decreases with the increase of the height 
of the medium. The behavior is quite plausible since, the plane 𝑥 = 0
is subjected to a prescribed heat flux.

Fig.  3(b) illustrates the variation of carrier density as a function 
of the height 𝑥 within the optoelastic medium. The carrier density 
profile exhibits the peak value at 𝑥 = 0, in accordance with the 
prescribed boundary conditions. As 𝑥 increases, the carrier density 
decreases rapidly near 𝑥 = 0.1, after which the profile shows negligible 
variation, indicating that the influence of carrier density diminishes 
beyond this point. This sharp decline suggests that the carrier density is 
strongly localized near the surface, with minimal penetration into the 
medium at larger values of 𝑥.

Fig.  3(c) illustrates the spatial variation of water pressure along the 
height of the photothermoelastic medium at a specific time 𝑡 = 0.15. 
It is observed that the water pressure is nullified at the plane 𝑥 = 0, 
which is in strict compliance with the mechanical boundary conditions 
of the system, confirming the validity and correctness of the numerical 
models and computational procedures used in the analysis. The water 
pressure distribution exhibits a noticeable decrease within the region 
0 < 𝑥 < 0.25, beyond which it increases sharply before eventually 
decaying at a distance further from the plane 𝑥 = 0. This observed 
behavior is consistent with the expected physical interactions governing 
the system.

In comparison to the preceding figures, the influence of the nonlocal 
length scale parameter becomes significantly more prominent in this 
case. The spatial nonlocal parameter 𝓁, which characterizes the scale of 
nonlocal interactions in the medium, plays a crucial role in modulating 
the pressure distribution. As 𝓁 increases, the magnitude of the water 
pressure profile diminishes, suggesting that the nonlocal effects act 
to smooth out the pressure gradient. This attenuation in the pressure 
distribution can be attributed to the fact that the nonlocal interactions 
effectively ‘‘dilute’’ the localized mechanical effects, thereby reduc-
ing the localized pressure peaks. This is a direct consequence of the 
nonlocality, which introduces a spatial dependence in the material’s 
response, leading to a more uniform pressure distribution over the 
domain.

However, one can note that from Fig.  3(d), from the variation of the 
acoustic pressure 𝑃𝑎, the effect of spatial nonlocality is not reflected.

Fig.  3(e) presents the variation of the normal stress 𝜎𝑥𝑥 as a function 
of the height of the photothermal semiconductor, for the specified set 
of parameters. At the boundary 𝑥 = 0, the stress distribution conforms 
to the mechanical boundary conditions, validating the model’s consis-
tency. The stress wave propagates in a characteristic wave-like pattern 
near this boundary, with the amplitude of the wave diminishing as the 
height of the medium increases, which suggests attenuation of the stress 
response with depth. Notably, the spatial nonlocal parameter exhibits 
a pronounced influence on the stress variation. As this parameter 
increases, the peak of the stress wave within the poro-silicon medium 
is significantly enhanced, indicating that nonlocal effects amplify stress 
concentration, particularly in the near-boundary regions. This behavior 
underscores the importance of the nonlocal parameter in governing 
the stress distribution and highlights its potential role in optimizing 
material design for photothermal applications.

Fig.  3(f) depicts the variation of the shearing stress 𝜎𝑥𝑧 for different 
spatial nonlocal parametric values and the other set of parameters 
remains invariant as already stated. As revealed from the graphical 
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Fig. 3. Two-dimensional contour maps of deterministic variables (a) temperature 𝑇 , (b) carrier density 𝑁 , (c) water pressure 𝑃 , (d) acoustic pressure 𝑃𝑎, (e) 
normal stress 𝜎𝑥𝑥, and (f) shear stress 𝜎𝑥𝑧 for different nonlocal length scale parameter values.
illustration, a similar qualitative behavior can be revealed due to the 
presence of spatial nonlocality.

8.2. Implications of nonlocal time scales parameter on deterministic vari-
ables

This subsection is designed to report the significance of the temporal 
nonlocal parameter 𝜏 while analyzing the variation of the thermophysi-
cal quantities which are relevant for analyzing the photothermal effects 
of the semiconductor. In these analysis, the heat conduction equation 
is framed in the context of MGN-IV model.

A clear distinction is observed between the roles of spatial and 
temporal nonlocality in governing the thermophysical responses of 
the photothermal semiconductor. In the case of spatial nonlocality, 
an increase in the corresponding nonlocal parameter directly alters 
the magnitude of the physical fields, reflecting the enhanced influence 
of long-range spatial interactions within the medium. Conversely, a 
contrasting behavior is exhibited by temporal nonlocality. As demon-
strated in Figs.  4(a), 4(b), and 4(d), variations in the temporal nonlocal 
parameter 𝜏 do not affect the spatial distributions of temperature, 
carrier density, or acoustic pressure. However, its influence becomes 
significant in the evolution of water pressure and stress fields, where an 
increase in 𝜏 leads to a systematic reduction in their magnitudes. This 
attenuation can be attributed to the memory-dependent nature of tem-
poral nonlocality, which effectively distributes the system’s response 
over past states, thereby weakening instantaneous pressure and stress 
propagation. Hence, while spatial nonlocality amplifies field intensities 
10 
through extended spatial coupling, temporal nonlocality acts as a dissi-
pative or relaxation-like mechanism, suppressing dynamic mechanical 
responses within the medium.

8.3. Consequences of various thermoelastic models on deterministic vari-
ables

In this subsection, the conventional Green–Naghdi (GN) theory 
and the generalized MGN-I, MGN-II, MGN-III, and MGN-IV models 
have been compared to analyze the variation of the thermophysical 
quantities. For the purpose of illustration, the spatiotemporal nonlocal 
parameters have been considered as 𝓁 = 0.01 and 𝜏 = 0.01.

Fig.  5(a) presents the temperature distribution within the photother-
mal semiconductor as predicted by different modified Green–Naghdi 
(MGN) thermoelastic models. In comparison with the conventional 
Green–Naghdi formulation, all MGN models exhibit a markedly sharper 
decay of temperature, indicating enhanced thermal wave attenuation 
due to the inclusion of additional relaxation and coupling mecha-
nisms. Among these theories, the MGN-IV model yields the highest 
temperature magnitude, followed by the MGN-II and MGN-I models, 
whereas the MGN-III model predicts the lowest temperature response. 
This variation can be attributed to the distinct ways in which each 
modified Green–Naghdi theory incorporates thermal relaxation times, 
non-Fourier heat conduction effects, and thermoelastic coupling. Mod-
els with stronger relaxation and coupling effects retain thermal energy 
over longer spatial extents, leading to higher temperature amplitudes, 
while those with more pronounced dissipative mechanisms promote 
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Fig. 4. Two-dimensional contour maps of deterministic variables (a) temperature 𝑇 , (b) carrier density 𝑁 , (c) water pressure 𝑃 , (d) acoustic pressure 𝑃𝑎, (e) 
normal stress 𝜎𝑥𝑥, and (f) shear stress 𝜎𝑥𝑧 for different nonlocal time scale parameter values.
faster thermal decay. Consequently, the observed hierarchy of tem-
perature profiles reflects the intrinsic differences in the thermal wave 
propagation and energy dissipation characteristics embedded within 
the respective MGN formulations.

From Fig.  5(b), one can say that the absence of variation in the 
carrier density distribution among different modified Green–Naghdi 
(MGN) models can be attributed to the fact that these theories primar-
ily modify the heat conduction mechanism through the introduction 
of thermal relaxation and non-Fourier effects, without altering the 
fundamental carrier transport processes. The carrier density evolution 
is governed mainly by the diffusion–recombination equation and the 
optical generation term, which remain identical across all MGN formu-
lations. Consequently, the mathematical structure of the carrier density 
equation remains unchanged, leading to an identical carrier density 
profile for all modified Green–Naghdi theories considered.

However, Fig.  5(c) reveals a pronounced influence of the underlying 
thermoelastic formulation on the spatial variation of the water pressure 
𝑃 . In contrast to the temperature and carrier density fields, the water 
pressure exhibits a strong dependence on the chosen thermoelastic 
model. The generalized modified Green–Naghdi (MGN) theories predict 
a substantially higher magnitude of 𝑃  compared to the conventional 
Green–Naghdi model, reflecting the enhanced thermo-mechanical cou-
pling and wave-like heat transport incorporated in these formulations. 
Among the generalized models, the water pressure attains its maximum 
magnitude for the MGN-II model, followed by the MGN-IV and MGN-
III models, while the MGN-I model yields the lowest pressure response. 
This ordering underscores the sensitivity of fluid-solid interaction and 
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pressure propagation to the specific thermal relaxation and coupling 
mechanisms embedded within each MGN theory.

As observed from Figs.  5(d)–5(f), the generalized modified Green–
Naghdi (MGN) models predict significantly higher magnitudes of acous-
tic pressure and stress distributions within the semiconductor compared 
to the conventional Green–Naghdi theory. This enhancement arises 
from the inclusion of thermal relaxation and non-Fourier heat con-
duction effects in the generalized MGN formulations, which strengthen 
thermoelastic coupling and promote wave-like propagation of mechan-
ical disturbances. Consequently, the generalized MGN models capture 
more pronounced acoustic and stress responses than those predicted by 
the classical GN framework.

8.4. Distribution of stochastic variables for different sample paths

In the present stochastic framework, this subsection examines the 
degree of randomness induced in the physical fields due to stochas-
tic boundary conditions, where Gaussian white noise is incorporated 
through a Wiener process as depicted in Figs.  6(a)–6(f). These com-
putations have been analyzed in the context of MGN-IV model of 
generalized thermoelasticity in which, the spatiotemporal nonlocal 
effects have been represented by 𝓁 = 𝜏 = 0.01.

The level of randomness is quantitatively characterized by the 
variance of the stochastic term, which governs the magnitude of fluc-
tuations in temperature, carrier density, pore-water pressure, acoustic 
pressure, and stress responses. Stronger deviations from determinis-
tic expectations are produced by a larger variance, while responses 
that closely approximate the deterministic model are produced by 
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Fig. 5. Two-dimensional contour maps of deterministic variables (a) temperature 𝑇 , (b) carrier density 𝑁 , (c) water pressure 𝑃 , (d) acoustic pressure 𝑃𝑎, (e) 
normal stress 𝜎𝑥𝑥, and (f) shear stress 𝜎𝑥𝑧 for different thermoelasticity theories.
a smaller variance. In terms of Physics, this variation could be the 
result of uncertainties brought on by variations in laser-heating in-
tensity, carrier-recombination processes, or environmental disturbances 
which influence semiconducting devices. Three illustrations sample 
paths corresponding to 𝑡 = 0.1, 0.2, and 0.3 are superimposed on the 
deterministic physical fields in order to capture the stochastic behavior.

Thermal fluctuations being most perceptible on the excitation sur-
face and diminish as thermal waves move inward, in line with the 
temperature field variance, which achieves its maximum close to the 
boundary and progressively decreases with increasing depth into the 
material. The variance profiles of the mechanical stress, acoustic pres-
sure, pore water pressure, and carrier density, on the contrary hand, 
show an apparent different tendency. The variance for these fields 
starts at zero at the boundary, grows to a maximum at an intermediate 
depth, and then settles down to zero. The observed pattern implies that 
stochastic effects related to fluid transport, mechanical deformation, 
acoustic wave propagation, and charge carrier creation reach peak 
instability at particular depths before stabilizing. Under stochastic exci-
tation, these reactions demonstrate the complex interplay of electronic, 
thermal, mechanical, hydromechanical, and photoacoustic processes in 
semiconductors.

8.5. Distribution of variances of stochastic variables

Figs.  7(a)–7(f) depict the stochastic responses of physical fields sub-
jected to photo-thermoelastic excitation with random boundary pertur-
bations. The incorporation of Gaussian white noise reveals that stochas-
ticity significantly alters wave propagation characteristics compared to 
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deterministic predictions. Temperature profiles display path-dependent 
wavefront distortions, indicating spatially non-uniform thermal diffu-
sion under random excitation. The carrier density field exhibits ampli-
fied fluctuations, emphasizing the role of stochastic transport and re-
combination processes that cannot be captured by deterministic models 
alone.

The pore water pressure response shows irregular spatial variations, 
reflecting random fluid migration governed by strong hydromechanical 
coupling. Acoustic pressure fluctuations are pronounced near the exci-
tation surface and gradually attenuate with depth, eventually approach-
ing the deterministic state due to dissipative effects. The displacement 
and stress fields similarly demonstrate stochastic deviations, confirm-
ing that mechanical responses are strongly influenced by boundary 
randomness. Overall, the model reveals an exponential decay of vari-
ance in temperature and displacement, while carrier density, pore 
water pressure, acoustic pressure, and stress exhibit peak-type variance 
distributions, underscoring the importance of stochastic modeling for 
realistic semiconductor device analysis.

8.6. Heat map demonstrating deterministic variables

In this subsection,Figs.  8(a)–8(f) present the heat maps of the deter-
ministic physical fields in a photothermoelastic semiconductor medium 
for the spatiotemporal nonlocal parameters 𝓁 = 0.01 and 𝜏 = 0.01, 
evaluated within the framework of the modified Green–Naghdi MGN-IV 
thermoelastic model.
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Fig. 6. Distribution of stochastic variables (a) temperature 𝑇 , (b) carrier density 𝑁 , (c) water pressure 𝑃 , (d) acoustic pressure 𝑃𝑎, (e) normal stress 𝜎𝑥𝑥, and (f) 
shear stress 𝜎𝑥𝑧 for different sample paths.
From Fig.  8(a), it is observed that the temperature field is highly 
localized near the excitation boundary (𝑥 = 0), confirming that photo-
thermal energy deposition is strongest at the surface. A rapid decay 
of temperature is observed along the 𝑥-direction, indicating strong 
thermal attenuation and limited penetration depth. Near the bound-
ary, oscillatory variations along the 𝑧-direction are evident, reflecting 
wave-type heat propagation associated with thermal relaxation in the 
MGN-IV model. As the distance from the boundary increases, the 
temperature field becomes nearly uniform, demonstrating that the 
combined effect of small spatial and temporal nonlocal parameters 
suppresses long-range thermal interactions.

As noticed in Fig.  8(b), the carrier density distribution remains 
almost spatially uniform throughout the domain, with negligible gra-
dients along both 𝑥- and 𝑧-directions. This indicates that, under the 
present deterministic and weakly nonlocal conditions, carrier trans-
port is dominated by diffusion-recombination mechanisms rather than 
thermoelastic wave effects. The absence of oscillations confirms that 
the MGN-IV formulation primarily influences thermal and mechani-
cal fields, while the carrier density remains weakly coupled in the 
deterministic regime.

Fig.  8(c) depicts the pore water pressure exhibiting pronounced 
spatial variation near the boundary, characterized by alternating com-
pressive and rarefactive regions along the 𝑧-direction. These pressure 
lobes arise due to thermoelastic expansion and contraction of the 
porous semiconductor matrix. A rapid decay of pressure magnitude 
13 
along the 𝑥-direction indicates attenuation of hydromechanical waves 
within the medium. Compared to the temperature field, the pore pres-
sure shows stronger sensitivity to thermoelastic coupling, highlighting 
the significance of poroelastic effects in the MGN-IV framework.

The acoustic pressure distribution in Fig.  8(d) displays strong os-
cillatory behavior near the excitation surface, confirming efficient gen-
eration of acoustic waves under photo-thermoelastic loading. The am-
plitude of acoustic pressure decreases rapidly with increasing depth, 
reflecting dissipation due to thermoelastic damping and nonlocal ef-
fects. The symmetry of the pressure lobes along the 𝑧-direction suggests 
standing-wave-type behavior governed by boundary conditions and 
wave interference.

In Fig.  8(e), the normal stress component 𝜎𝑥𝑥 exhibits distinct 
diagonal wave fronts originating from the boundary, indicating direc-
tional propagation of thermoelastic stress waves. Alternating tensile 
and compressive zones are clearly visible, corresponding to elastic wave 
interference. The stress magnitude decreases significantly along the 
𝑥-direction, confirming strong mechanical attenuation. The inclined 
contours reflect coupling between longitudinal and transverse defor-
mation modes, which is enhanced in the MGN-IV model due to thermal 
relaxation effects.

The shear stress field 𝜎𝑥𝑧 also demonstrates diagonal wave-like 
patterns from Fig.  8(f), though with lower magnitude compared to the 
normal stress component. High shear stress concentrations are localized 
near the boundary and decay rapidly into the interior of the medium. 
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Fig. 7. Distribution of variance of stochastic variables (a) temperature 𝑇 , (b) carrier density 𝑁 , (c) water pressure 𝑃 , (d) acoustic pressure 𝑃𝑎, (e) normal stress 
𝜎𝑥𝑥, and (f) shear stress 𝜎𝑥𝑧 for different time parameter.
The alternating sign of 𝜎𝑥𝑧 indicates shear wave propagation induced 
by non-uniform thermoelastic deformation. The faster attenuation of 
shear stress suggests that shear modes are more strongly damped than 
normal stress modes under spatiotemporal nonlocality.

Overall, these deterministic heat maps reveal that for small spatial 
and temporal nonlocal parameters, the photo-thermoelastic response 
of the semiconductor is predominantly localized near the excitation 
boundary. While thermal, hydromechanical, acoustic, and mechanical 
fields exhibit strong wave-like behavior with rapid attenuation, the car-
rier density remains largely unaffected. The MGN-IV model effectively 
captures the coupled wave phenomena, demonstrating its suitability for 
analyzing photo-thermoelastic processes in spatiotemporally nonlocal 
semiconductor media.

8.7. Heat map demonstrating stochastic variables

Figs.  9(a)–9(f) present the heat maps of the stochastic temperature, 
carrier density, pore water pressure, acoustic pressure, and stress com-
ponents in a photothermoelastic semiconductor medium for 𝓁 = 0.01
and 𝜏 = 0.01 under the MGN-IV thermoelastic model. The incorpora-
tion of Gaussian white noise through stochastic boundary conditions 
introduces randomness superimposed on the underlying deterministic 
wave structure, revealing the sensitivity of coupled physical fields to 
uncertainty.
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The stochastic temperature field (Fig.  9(a)) exhibits strong ran-
dom fluctuations near the excitation boundary, while these perturba-
tions decay rapidly with increasing depth. This behavior indicates that 
thermal randomness is primarily boundary-induced and is effectively 
suppressed by thermal relaxation and spatiotemporal nonlocal effects 
inherent in the MGN-IV formulation, leading to an exponential decay 
of temperature variance.

The carrier density distribution (Fig.  9(b)) remains nearly uni-
form throughout the domain, with only weak stochastic perturbations 
confined to the vicinity of the boundary. This observation suggests 
that diffusion and recombination mechanisms smooth out randomness, 
rendering carrier transport relatively insensitive to stochastic excitation 
under the present conditions.

In contrast, the pore water pressure (Fig.  9(c)) exhibits pronounced 
stochastic variability near the boundary, characterized by irregular 
pressure lobes along the 𝑧-direction. The stochastic fluctuations attain a 
maximum at an intermediate depth before decaying, indicating strong 
hydromechanical coupling and a peak-type variance behavior under 
random thermoelastic forcing.

The acoustic pressure field (Fig.  9(d)) shows large stochastic oscil-
lations close to the excitation surface, reflecting the high sensitivity of 
acoustic waves to boundary randomness. These fluctuations gradually 
attenuate with depth, and the response approaches the deterministic 
state due to thermoelastic damping and nonlocal dissipation effects.
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Fig. 8. Heat map of deterministic variables (a) temperature 𝑇 , (b) carrier density 𝑁 , (c) water pressure 𝑃 , (d) acoustic pressure 𝑃𝑎, (e) normal stress 𝜎𝑥𝑥, and 
(f) shear stress 𝜎𝑥𝑧 with respect to dimensionless positions.
The normal stress component 𝜎𝑥𝑥 (Fig.  9(e)) displays distorted 
diagonal wavefronts with localized stochastic stress concentrations near 
the boundary. The magnitude of stochastic fluctuations decreases with 
increasing depth, indicating progressive stabilization of the mechanical 
response. Similarly, the shear stress 𝜎𝑥𝑧 (Fig.  9(f)) exhibits strong 
near-boundary randomness that decays more rapidly than the normal 
stress, suggesting stronger damping of shear modes under stochastic 
excitation.
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Overall, these results demonstrate that stochastic effects are most 
significant near the excitation surface and are progressively suppressed 
within the medium due to spatiotemporal nonlocality and thermal re-
laxation. While temperature and mechanical fields exhibit variance de-
cay, carrier density remains weakly affected, and pore water pressure, 
acoustic pressure, and stress fields show peak-type stochastic behavior. 
These findings highlight the importance of stochastic modeling for 



A. Sur et al. Composite Structures 387 (2026) 120350 
Fig. 9. Heat map of stochastic variables (a) temperature 𝑇 , (b) carrier density 𝑁 , (c) water pressure 𝑃 , (d) acoustic pressure 𝑃𝑎, (e) normal stress 𝜎𝑥𝑥, and (f) 

shear stress 𝜎𝑥𝑧 with respect to dimensionless positions.
accurately capturing uncertainty in photothermoelastic semiconductor 
systems.

8.8. Model assessment and validation

The present results are validated against previously established 
findings, as summarized in Table  2. It has now been numerically 
validated in Fig.  10 that, in the absence of spatiotemporal nonlocal 
effects, the computed results of the present problem closely align with 
those reported in [21], thereby confirming the numerical validity of the 
formulation.
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A detailed graphical comparison between the present model and the 
results of Alshalhoub et al. [21] is illustrated in Fig.  10 for various 
thermophysical quantities. From Fig.  10(a), it is observed that the 
temperature distribution attains its maximum value at the boundary 
(𝑥 = 0) and decays rapidly with increasing depth. The present results 
exhibit excellent agreement with the reference solution, with only 
negligible deviations near the surface region.

Fig.  10(b) demonstrates the variation of carrier density, which simi-
larly shows a sharp decline from its peak at the boundary and stabilizes 
as the distance increases. The overlap between the two models confirms 
the consistency of the carrier transport formulation.
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Table 2
Case study of associated models and selected cases.
 Case Condition Model  
 I 𝓁 = 0, 𝜏 = 0, 

𝜒0 = 1, 𝜒1 = 1,
𝜒2 = 0, 𝜒3 = 1,
𝜒4 = 0

By nullifying certain parameters, case I 
corresponds to the two-dimensional 
poro-semiconductor media under Green–Naghdi 
(GN) theory, which agrees well with the results 
established by Alshalhoub et al. [21] in the 
absence of thermal phase-lag parameter.

 

 II 𝜏 = 0, 
𝜒0 = 0, 𝜒1 = 1,
𝜒2 = 0, 𝜒3 = 1,
𝜒4 = 1

By assuming certain values to the parameters, 
case II justifies the excellent agreement of the 
present problem with Alshehri et al. [47] in 
the absence of the effect of variable thermal 
conductivity in the medium under 
Lord–Shulman thermoelasticity theory.

 

In Fig.  10(c), the excess pore water pressure initially exhibits a 
negative peak near the boundary and gradually approaches zero as 
𝑥 increases. The present results closely follow the trend of the ex-
isting model, validating the correctness of the coupled thermo-hydro 
formulation.

The acoustic pressure profile depicted in Fig.  10(d) reveals a pro-
nounced negative peak near the surface followed by a smooth transition 
towards equilibrium. The near-perfect agreement between both models 
highlights the accuracy of the proposed photoacoustic coupling.

Figs.  10(e) and 10(f) illustrate the variations of normal stress 𝜎𝑥𝑥
and shear stress 𝜎𝑥𝑧, respectively. Both stress components exhibit os-
cillatory behavior near the boundary due to strong thermoelastic in-
teractions and gradually diminish with depth. The present model suc-
cessfully reproduces the amplitude and phase characteristics of the 
previously reported results, with only minor discrepancies that may be 
attributed to numerical approximation or modeling assumptions.

Overall, the strong agreement observed across all physical fields 
confirms that the present formulation is mathematically consistent and 
physically reliable. This validation establishes the robustness of the 
proposed model and its capability to accurately recover classical results 
as limiting cases in the absence of nonlocal and stochastic effects.

9. Concluding remarks

In the present work, a comprehensive theoretical and numerical 
investigation has been carried out to analyze photo-thermoelastic wave 
propagation in a porous semiconductor medium incorporating spa-
tiotemporal nonlocal effects and stochastic boundary excitations. The 
governing equations were formulated within the framework of the 
modified Green–Naghdi (MGN) thermoelastic theories. The coupled 
interactions among thermal, electronic, hydromechanical, acoustic, and 
elastic fields were examined through detailed numerical simulations. 
The influence of spatial and temporal nonlocal parameters, different 
thermoelastic models, and stochastic perturbations was systematically 
explored to elucidate their roles in governing the dynamic response of 
the medium which have been highlighted in the following concluding 
remarks.

1. The spatial nonlocal length-scale parameter significantly influ-
ences the magnitude and distribution of temperature, water 
pressure, and stress fields, demonstrating that long-range spatial 
interactions enhance or attenuate localized thermo-mechanical 
responses, particularly near the excitation boundary.

2. The temporal nonlocal parameter primarily affects hydrome-
chanical and mechanical fields, leading to attenuation of water 
pressure and stress magnitudes due to memory-dependent re-
laxation effects, while leaving temperature, carrier density, and 
acoustic pressure distributions largely unchanged.
17 
3. A comparative assessment of different modified Green–Naghdi 
thermoelastic models reveals that generalized MGN theories pre-
dict stronger thermoelastic coupling and higher magnitudes of 
acoustic pressure and stress fields than the conventional Green–
Naghdi model, with the MGN-IV model exhibiting the most 
pronounced responses.

4. The carrier density distribution remains largely insensitive to 
variations in thermoelastic models and nonlocal parameters, 
indicating that carrier transport is governed predominantly by 
diffusion–recombination mechanisms rather than thermoelastic 
wave effects.

5. The inclusion of stochastic boundary conditions introduces sig-
nificant randomness in temperature, pressure, and stress fields, 
particularly near the excitation surface, highlighting the sensitiv-
ity of photo-thermoelastic processes to boundary uncertainties.

6. The stochastic variance profiles demonstrate fundamentally dif-
ferent characteristics: thermal and displacement fields exhibit 
exponentially decreasing variance, while carrier concentration, 
pore pressure, acoustic pressure, and stress fields display local-
ized maxima at intermediate depths.

7. Heat-map visualizations confirm that thermoelastic, hydrome-
chanical, and acoustic responses are strongly localized near the 
excited bounding surface and decay rapidly within the medium, 
while stochastic effects are progressively suppressed by spa-
tiotemporal nonlocality and thermal relaxation.

8. The developed stochastic nonlocal photo-thermoelastic model 
provides a robust and realistic framework for analyzing cou-
pled multiphysics phenomena in semiconductor materials, of-
fering potential applications in the design and optimization of 
optoelectronic and photoacoustic devices.

9. Limitations of the present work: The analysis is confined 
to linear thermoelastic behavior, thereby neglecting potential 
nonlinear effects that could arise under high-intensity laser exci-
tation. Additionally, material properties are considered constant, 
without accounting for their possible dependence on tempera-
ture or other field variables. The stochastic boundary conditions 
are idealized and based on prescribed statistical characteristics 
rather than experimentally validated data, which may limit the 
realism of the model.

10. Future scope of research

Although, the present study is formulated within the framework of 
linear thermoelasticity, where material properties are assumed to be 
constant and the governing equations remain linear. This assumption 
is justified for moderate laser intensities, where temperature rise and 
carrier excitation remain within ranges that do not significantly alter 
the intrinsic material parameters.

However, we fully agree that under high-intensity laser excitation, 
nonlinear effects may become significant. In particular, temperature-
dependent material properties (such as thermal conductivity, elastic 
moduli, and carrier mobility) and nonlinear carrier recombination 
mechanisms (e.g., Auger recombination or bandgap shrinkage) can 
influence the system response. These effects may lead to enhanced 
thermal gradients, modified wave speeds, and amplitude-dependent 
attenuation, thereby altering both the spatial distribution and temporal 
evolution of the thermophysical fields (see Fig.  11).

From a physical standpoint, the inclusion of such nonlinearities 
would likely result in stronger localization of temperature near the 
excitation boundary, deviations from the exponential decay profiles 
observed in the linear model, and possible distortion of wavefronts in 
acoustic and stress fields. Additionally, nonlinear recombination pro-
cesses could significantly modify the carrier density distribution, par-
ticularly in regions of high excitation, thereby influencing the coupled 
thermoelastic response. Such extension of the present framework will 
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Fig. 10. Comparative study of deterministic variables (a) temperature 𝑇 , (b) carrier density 𝑁 , (c) water pressure 𝑃 , (d) acoustic pressure 𝑃𝑎, (e) normal stress 
𝜎𝑥𝑥, and (f) shear stress 𝜎𝑥𝑧 with respect to position 𝑥 between the computed results of present model and the estimated results of Alshalhoub et al. [21].
Fig. 11. Schematic diagram describing nonlinear effects.

provide a more comprehensive description, particularly for high-power 
laser applications.
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