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Abstract This study develops a hybrid analytical and physics-informed machine learning framework to ana-
lyze non-Fourier heat transfer in laser-irradiated semiconductor media. The model integrates bi-Helmholtz
nonlocal thermoelasticity with dual length-scale parameters to capture size-dependent mechanical effects,
alongside a modified Green—Naghdi heat conduction theory to describe finite-speed thermal wave propagation
and relaxation phenomena. The coupled governing equations for displacement, temperature, carrier density, and
stress are first solved analytically using a normal-mode approach to obtain benchmark solutions. A physics-
informed neural network (PINN) is then constructed by embedding the governing equations and boundary
conditions into the learning process, enabling efficient and accurate prediction of multiphysics responses.
The proposed approach significantly reduces computational cost while preserving high accuracy. Parametric
analysis highlights the strong influence of nonlocal parameters and thermal relaxation on wave propagation
and carrier dynamics. The framework offers a robust tool for real-time simulation of laser-induced thermal
processes in semiconductor systems.
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1 Introduction

Semiconductors form the backbone of modern technology due to their tunable optical, electrical, and thermal
properties, enabling diverse electronic, photonic, and sensing applications. Recent studies have increasingly
focused on fractional-order and thermoelastic models, which more accurately capture the complex multi-
physical behavior of semiconductor materials. Photothermoelastic analysis has gained significant importance
because of its applications in photoacoustic microscopy, thermal imaging, and nondestructive evaluation. Under
laser irradiation or transient thermal excitation, photoexcited carriers generate localized heating and mechan-
ical deformation, leading to coupled thermoelastic and plasma wave propagation within the semiconductor
medium [1-3]. A semiconductor characterized by an energy band gap E| is subjected to laser irradiation with
photon energy E, such that E > E,. In this process, absorbed photons excite electrons, enabling their transition
from the valence band to the conduction band. This electronic transition occurs only when the photon energy
meets or exceeds the band gap requirement, i.e., £ > E, [4-7].

Traditional continuum theories, such as linear elasticity, inherently neglect size-dependent effects. Conse-
quently, these models predict non-dispersive wave propagation and remain valid only for small wave numbers.
Moreover, in the presence of material defects such as dislocations and disclinations, classical elasticity leads
to singular behavior in the elastic strain, stress, and strain energy near the defect cores [8,9]. Such singularities
are physically unrealistic and highlight the limitations of classical elasticity in accurately describing material
behavior at microscopic scales [10, 11]. A series of investigations has contributed to the evolution of nonlocal
continuum field theory [12—17]. Eringen [18] significantly advanced this framework and contributed exten-
sively to its development [19-29]. This theory is based on the concept that the behavior at any material point
is influenced by the state of all other points within the body [18,19,27,30]. In nonlocal elasticity, the stress at
a point is described through an integral constitutive relation involving the convolution of an attenuation func-
tion with the macroscopic stress field, providing a physically meaningful representation [29]. However, this
integral form leads to a first-kind Fredholm equation, which is generally difficult to solve due to its ill-posed
nature. Ill-posedness commonly arises when weakly singular or continuous kernels are adopted to describe
attenuation functions [31]. Eringen [29] demonstrated that, for a specific class of attenuation functions in an
infinite domain, the integral formulation can be transformed into an equivalent differential form. This differ-
ential representation can be expressed compactly using a Helmholtz-type operator, to which a clear physical
interpretation was assigned [18,29]. Subsequently, the nonlocal differential beam model has been examined
in several studies [32,33]. Investigations into its dynamic response [34—36] revealed that the model generally
predicts a softening behavior compared to the classical local theory in benchmark problems. Nevertheless, stud-
ies revealed that the fundamental eigenfrequency of a cantilever beam is higher than the classical prediction,
giving rise to an early paradox in the differential formulation [35].

The Modified Green—Naghdi (MGN) model is an advanced non-Fourier heat conduction theory devel-
oped to extend the classical Green—Naghdi thermoelastic framework for ultrafast and nanoscale heat transport.
Unlike Fourier’s law, the GN theory introduces thermal displacement to describe finite-speed thermal wave
propagation, thereby eliminating the paradox of infinite heat propagation. However, the classical GN for-
mulations remain limited in capturing thermal relaxation, dispersive wave behavior, and memory-dependent
effects under short-pulse and high-gradient thermal excitations. The MGN model overcomes these limitations
by incorporating multiple relaxation times, higher-order heat flux derivatives, and hereditary memory effects,
providing a more accurate description of transient heat transfer processes. Due to its analogy with viscoelastic
constitutive models such as Burgers and Kelvin-Voigt models, the MGN framework offers a physically consis-
tent approach for modeling thermal dissipation, dispersion, and relaxation in generalized thermoelastic media
[37]. Moreover, the generalized formulation unifies wave-type and diffusion-type heat conduction and includes
the Fourier, Cattaneo-Vernotte, Lord-Shulman, and standard Green-Naghdi theories as special limiting cases.
Its hyperbolic governing equations ensure finite thermal wave speeds and enable accurate analysis of transient
thermoelastic phenomena in ultrafast laser heating, low-temperature environments, and micro- and nanoscale
heat transport.

The MGN theory is highly relevant in photothermal semiconductor analysis, particularly for laser-matter
interactions and microscale heat transport. Unlike the classical Fourier law, the MGN framework incorporates
finite thermal wave speeds, relaxation effects, and thermal memory, enabling a more accurate description
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of transient thermoelastic behavior in semiconductors. It is especially useful in stochastic photothermoelas-
tic modeling, where uncertainties in material properties, carrier generation, boundary conditions, and energy
absorption significantly influence the response. The theory enables reliable prediction of temperature fields,
photoinduced stresses, and carrier-induced deformations under fluctuating thermal conditions. Consequently,
the MGN model finds important applications in semiconductor devices, optoelectronic systems, laser diagnos-
tics, and advanced materials processing.

Recent studies have extensively examined photothermal and semiconductor media. In contrast to classical
formulations, the bi-Helmholtz nonlocal elasticity model incorporates spatial nonlocal effects alongside tem-
poral memory characteristics inherent in the Green-Naghdi theory, enabling the simultaneous representation of
wave-like heat propagation, relaxation behavior, and size-dependent mechanical responses. The introduction
of two nonlocal length-scale parameters enhances the model’s capability to accurately describe dispersion,
attenuation, and thermoelastic coupling, while overcoming the limitations associated with single-phase-lag
and single-length-scale approaches.

Recently, combining artificial intelligence methods with traditional thermoelastic and heat transfer models
has become a powerful way to improve the ability to make predictions and the speed of calculations in com-
plex multiphysics systems. Conventional analytical and numerical techniques, although precise, frequently
incur significant computational costs when addressing strongly coupled, nonlocal, and time-dependent ther-
moelastic issues, especially within semiconductor materials exposed to laser excitation. This problem gets
even harder with more advanced models, like the bi-Helmholtz nonlocal formulation combined with modified
Green-Naghdi heat conduction. In these models, multiple field variables, such as displacement, temperature,
carrier density, and stress components, are all linked together by higher-order partial differential equations. To
overcome these constraints, physics-informed machine learning frameworks, particularly Physics-Informed
Neural Networks (PINNs), have garnered considerable interest for their capacity to integrate fundamental
physical laws directly into the training methodology. PINNs are different from regular data-driven models
because they use soft constraints in the loss function to enforce the underlying differential equations, boundary
conditions, and initial conditions. This makes sure that the predictions are physically consistent even when
there isn’t much data. This feature makes them especially good for thermoelastic semiconductor problems,
where keeping the connection between thermal, mechanical, and electronic fields is important for making
accurate models. Artificial neural networks (ANN) and gradient boosting algorithms (like XGBoost) are two
examples of purely data-driven surrogate models that have been widely used to quickly predict complex phys-
ical responses. These models can learn nonlinear connections between input parameters and system responses
from datasets that have already been computed. This cuts down on the time it takes to do parametric analysis
and optimization studies by a lot. But their performance is often limited by the amount and quality of training
data that is available, and they may not be able to be understood in a physical way. In light of these advance-
ments, this study employs a hybrid analytical and artificial intelligence framework to model heat transfer and
thermoelastic behavior in a bi-Helmholtz nonlocal semiconductor medium. The analytical solution derived
from the normal-mode method functions as a precise reference for generating training data, while a physics-
informed neural network is utilized to learn the coupled field responses in a manner consistent with physical
principles. Additionally, ANN and XGBoost models are employed as benchmark data-driven predictors to
assess the accuracy and efficiency of the proposed methodology. This combined framework not only speeds
up calculations, but it also gives you a strong and flexible tool for studying advanced thermoelastic systems
that are heated by lasers.

2 Extended Green-Naghdi heat conduction models

The generalization of heat conduction models has evolved from the need to overcome the fundamental limita-
tions of Fourier’s law, particularly its prediction of instantaneous thermal signal propagation, which becomes
physically unrealistic in transient, microscale, and high-frequency thermal processes [38,39]. Inspired by the
strong analogy between viscoelastic mechanics and heat transport, modern theories introduce thermal elastic
and thermal viscous elements governed by the concept of thermal displacement as described in Fig. 1, allowing
heat transfer to be modeled through combinations of relaxation mechanisms analogous to springs and dashpots.
Within this unified framework, classical models such as the Cattaneo—Vernotte and Green—Naghdi theories
emerge as specific configurations representing finite-speed thermal waves and non-dissipative or weakly dis-
sipative heat propagation. Further extensions, exemplified by the Modified Green-Naghdi (MGN) hierarchy
[39], incorporate multiple relaxation times, higher-order temporal derivatives of heat flux, and temperature-
gradient rate effects, thereby capturing memory-dependent behavior, dispersion, attenuation, and transient
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Fig. 1 Representation of generalized modified heat transport models viz. (a) CV, (b) GN, (¢) MGN-I, (d) MGN-II, (e) MGN-III,
and (f) MGN-1V

overshoot phenomena observed in real materials. These generalized formulations provide a systematic bridge
connecting diffusive and wave-dominated heat transport regimes and enable the recovery of several classical
theories as limiting cases. Owing to their enhanced physical realism, generalized heat conduction models
have become indispensable in the analysis of ultrafast laser—matter interaction, semiconductor and photother-
mal devices, cryogenic engineering, nanoscale heat transfer, microelectromechanical systems (MEMS), and
advanced thermoelastic coupling problems where non-equilibrium thermal effects play a dominant role.

3 Nonlocal kernels of bi-Helmhotz type

Let V C R3 represent the spatial domain of an infinite elastic medium subjected to external body forces. The
fundamental field equations governing the system can be written as

lij.j + pfi = pii €]

lij = /Ol (e =r'|) o3 (0) dv(x'), 1j =1} 2
%

0ij = hewdij + 2ue;; (3)
1

eij = 5 (uij +uji) “)

where A, u are Lamé constants, p being the density, f; is the body force per unit mass and u; being the
displacement component. « (|r —-r |) is the nonlocal kernel. The boundary conditions involving traction are
based on the stress tensor 7;; as follows

Lijnj = tin), ()
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Fig. 2 Representation of bi-Helmhotz type kernel

in which #; ;) are the traction on the boundary. Invoking the nonlocal stress-strain relation, equation (2) can be
represented as

1ij(r) = / {V (Ir = x'1) 8180 + 21" (Ir — ¥']) 88k } e (x') do(x), (6)
%
with
V(r=r)=ra(r—r), u'(r—r1)=pa(r-r]),

which are the Lamé parameters describing the elastic response of the nonlocal medium. The nonlocal kernel
represents the spatial coupling function that relates the strain at location r’ to the stress evaluated at r.
However, the nonlocal kernel is a Green’s function of a linear differential operator £, satiosfying

,Cl‘,'j = 0jj. (7)

The analysis utilizes a fourth-order elliptic differential operator of bi-Helmholtz type introduced by Eringen
[40]. This linear operator, possessing constant coefficients, is represented as

L=1-A+y*AA, ®)

where ¢ and y denotes the nonnegative parameters justifying nonlocality, possessing the dimension of length
and therefore expressed in terms of a characteristic length scale a as

e=¢oa, € =20, y=wpwa, y=0. ©
The bi-Helmhotz function « is defined by [41,42]

1 IXI) ( leﬂ
alx, 1, b)) = ———— [L1exp| —— ) —lpexp| — )|, x#0
(x, €1, £2) 2(6%—5%)[ 1 P( 2 2exp (= #

1
2(3+6)
The graphical representation of the kernel can be illustrated in Fig. 2 as follows:
If £1 and £; are two different nonlocal lenth-scale parameters (€1 7~ £>), equation (10) can be rewritten as

1 |x|)}
alx, €1, b)) = —= |41+ |x|expl —— )|, x#0
(x, £1, £2) 4£%[1 x| P( 0 b

(10
a0, €1, £r) =

)

x(0, £1, £H) = —.
O, £1, £2) 4£%
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for ¢ = 5.
The corresponding fourth-order linear differential operator of bi-Helmholtz type with constant coefficients
is represented as [41,42]
[=1- (¢ +63) V> +efe3ve (12)
Moreover, it can be shown that

F(x_y9 Ela Z2)28(}6_}})’ (13)

where §(-) is the Dirac-delta function.

4 Governing equations
The novel bi-Helmholtz nonlocal theory couples dual-length-scale nonlocal elasticity with the modern non-

Fourier heat conduction, enabling a more comprehensive description of photothermal behavior at micro and
nanoscale levels. In this context, the constitutive relations for the present problem can be considered as

(1 -6V (1 =63V 0i; = p(uij +uji) + Ceexk — yaN — 1:T) i) (14)

The equation of motion in absence of body forces are given by

Oij,j = pﬁi. (15)
The equation of carrier density is given by
oN N
dt T1

When a flexible semiconductor medium is subjected to external optical irradiation, incident photons excite
electrons across the semiconductor band gap energy E,, generating nonequilibrium free carriers and produc-
ing spatial variations in carrier density. This photoinduced carrier generation initiates coupled mechanical
responses, leading to deformation and the propagation of elastic waves within the medium. Concurrently, the
interaction among thermal effects, elastic deformation, and plasma dynamics significantly alters the classical
heat transport mechanism. The absorbed optical energy is closely associated with the electron-hole recom-
bination process, which acts as an internal heat source governing energy redistribution. As a consequence,
the classical Fourier heat conduction law becomes insufficient to describe heat transfer in such photoexcited
semiconductor environments. Therefore, a modified form of Fourier’s law is introduced by incorporating uni-
fied parameters that account for the coupled photothermal, thermoelastic, and plasma transport phenomena as
follows

— KVT — K 100VT — 2K3VT — / ZENdr = (X370 + X4t§D,)q. 17
71
Therefore, the equation for heat transport yields
2 27 2024, Eg 2 0 . .
KVT + Kx170V*T + K 215 VT + I—N = |70+ 1t 5 [oceT + v Toé]. (18)
1

In the heat transport formulation, x; (i = 1, 2, 3, 4) correspond to unified parameters that generalize different
heat conduction models under a single theoretical framework. As special case

x1=1, x2=0, x3=1, x4 =0 corresponds to GN model,
x1=1, x2=0, x3=2, x4a=1 corresponds to MGN-I model,
x1=1, x2=2, x3=1, x4=1 corresponds to MGN-II model,
x1=1, x2=1, x3=2, x4 =2 corresponds to MGN-III model,
x1=3, x2=1, x3=1, x4 =1 corresponds to MGN-IV model.
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Fig. 3 Schematic diagram of the opto-electronic semiconductor

The carrier continuity equation is obtained from the coupling between thermal and plasma waves during the
photoexcitation process in the following form [43-45]

oN 2 N

— = DgV°"N — — +«T. (19)
dt 71

In the presence of optical energy absorption, the coupled interaction between thermal and plasma waves is

regulated by the thermal activation coupling parameter, reflecting the degree of energy exchange between

. . 0 . S . .
thermal and carrier dynamics as k = ST 0 no being the equilibrium carrier concentration.
13

5 Problem formulation

We investigate a two-dimensional homogeneous and isotropic silicon semiconductor subjected to opto-
electronic excitation, as depicted in Fig. 3. The material parameters are assumed to remain constant throughout
the medium, ensuring spatial uniformity. Hence, the analysis is limited to the x y—plane, and all thermophysical
quantities are considered functions of x, y and time ¢ only. Consequently, the displacement components and
temperature field are expressed as follows

u= (ulx,y,t), v=vx,y,t), 00, T=T(x,y,t). (20)

Adopting the bi-helmhotz nonlocal effects, the constitutive equations yield

ou dv
(1 -6V (1 =6V ore = (O +20) ax Ty N T @1
(1-¢Vv°)(1-6V )ayy=(x+2u)5+xa—ynN—ytT, (22)
u ov
2v72 272
(1—€1V)(I—ZZV)oxy=M<£+a). @3)

The equations of motion are given by

de dN aT .
G+ uViu — Yngo = Vigo =P (1-6v?) (1 -8V?)i, (24)



72 Page 8 of 27 A. Suretal.

de oN oT
A —+uV -y — —y—=p (1 - 3V (1 - 3V?) . 25
( +,u)ay+u Vnay Vzay o ( Vo) ( V) (25)
The heat conduction equation is given by
2 27 2o, Eg 2 0 . .
KV°T + Kx110V°T + K 2ty VT + t—N = | om0+ w5, [oceT + v T0¢]. (26)
1

Invoking the nondimensional variables

x* =conx, y*=cony, u*=conu, v*=conv, €f=conli, & =conla, t*= c(z)nt,

T Oji N c A+2
‘L’1*=C(2)77‘L'1, T*:yt—, Ui*':l7 N*: Yn ) n:p_E’ o = * a
A+2u0 J m A4+2u K P

and after discarding asterisk, the nondimensional expressions of the aforesaid equations can be expressed as

ou v
(1-6VY) (1 -6V oy, = 25 +(8*-2) iy B*N — BT, 27)
292 22 2 0V 2 du 2 2
(1—zlv)(1—ezv)ayy=ﬁ5+(ﬁ —2)£—ﬂN—ﬁT, (28)
ou Jdv
1—2v?) (1 —3v? =(—+—], 29
(1= 6V (1= 6V 0wy = { 50+ 51 (29)
1\ de 1 ON T
l— =) —4+ =Vu— — — — =(1-0V)(1-6V)i, 30
( ﬂ2>8x+ﬂ2 "o o oAV i=6v)i G0
1\ o 1 N T
- =) v = 2 L S (1- 2V (1 - &V?) 4, 31)
p?) dy  pB? dy Ay
) 5 5o : 5 Y o .
VT + x170VT 4 521y V'T + €N = (X3ro+x4r05) [T +eré], (32)
N N
6— = V?N —es— + 3T, (33)
ot T1
where
) A2 vicgn 1 K ¥n v To
:B = , €l =—"——"—", €)= —, 63:—2, €T = ——————.
M YnPCETI Dgn Deyicgn? ocg(h+2u)

The scalar and vector potentials ¢ and U are defined via the Helmholtz decomposition theorem as follows:
i=Vg+VxU, V-U=0, (34)

where, the scalar potential g (x, y, t) and vector potential U (x, y, t) characterize the irrotational and rotational
parts of the displacement field, respectively. Hence, the displacement components u and v can be written as

ag 0y ag 0y -
=14 == _ - and = (-U 35
. ax + ay v dy  0x and = (=U)y (33)

then the above equations reduce to

3%q %y

22 272 22 2 2
(1—61V)(1—£2V)0xx=/8Vq—ZB—yz—i-Zm—ﬁ N — B°T, (36)
g Oy
272 2v72 _ 22 2 2
(1—zlv)(1—zzv)ayy_ﬂVq—zﬁ—zaxay—ﬂ N — B°T, (37
82 82 82
(1= 82V (1 - 2V%) o, =204 L OV 070 (38)

axdy = 0yr  ax2’
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82q

Vg —N-T=(1-0V?(1-6V?) ETE (39)
%vzw —(1=67V?) (1 - 63V?) a;szp =0, (40)
V2T + x110V2T + x2tig VT + N = <X3TO + X4t§%> [T +erd], 41)
Y =VN-al tar. (“2)

6 Normal mode analysis

To analyze the wave propagation characteristics, the physical quantities are expanded in terms of normal
modes, taking the following form:

(a. ¥ T oy N) oy = (g% 9% T o N*) (e 2, 3)

where w (complex) is the frequency, b being the wave number in y—direction and ¢*, ¥*, T*, ai’;., N* are

the amplitudes of the respective physical quantities and 1 = +/—1 being the imaginary number. Recalling the
relationship of normal modes defined in the relation (43), thereinafter equations (36)—(42) can be respectively
expressed as

(m —1D%) (2 — 3D?) o}, = B*D*q* + (2 — BHb*q* + 2bDy* — B*(N* + T, (44)
(m — D% (12 — D% 0}y = (B —DD*q* — 207" — 2ubDyY* — BA(N* +T%)., (45
(m — €1D%) (2 — 63D%) 0, = 2bDg* — (D* + b)Y, (46)
011D4CI*—Clzqu*+Cl3CI*+N*+T*:0, (47)
D*y* — e DY + eyt =0, (48)
[D* — (b* + &)] T* + &N* = &1er(D* — bP)q™, (49)
(D* — &) N* = —e3T™. (50)

From equations (47), (49) and (50), eliminating 7*, consequently, the governing differential equations for N*
and ¢* takes the form

(D® — MD® + N2 D* — N3D? + NG) (N*, ¢*) =0, (51)

where

1
Ni = —|cicii +ci2
i1

1
Ny = | enea + ciacar + 12 + Erer
1

1
N3 = C—[C12€42 +cizcar +Erer (8 +e3+0%) |
11

. -
Ny = o [613642 + b’Erer (&5 + €3)

771 = 1 +Z%b2, Cll = K%Z%wz’

m=1+8b%  cn=w*nt+mi) +1,
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o” (X370 + X47j@
§1 = ( - )2, c13 = nim® + b2,
I+ x1t0w + x275@
1 + X1T0w + x2Tj@ 'L'1
et e (123
ci B> ci1 B?
n=b+E+5 cp=58GE+b) - be.
The analytical solution associated with the differential equation (51) can be represented as:
4
N* = Ao, (52)
Jj=1
4
q* =) Bje ", (53)
j=1
where k? are roots of the characteristic equation
— NIk + Nok* — N3k? + N = 0. (54)
Substituting the solutions (52) and (53) in the simplified form of equations (49) and (50), we have
4
q* =) hijAje Tt (55)

where

k? — C41k]2~ + ¢4

hj=————.
YT Eeer? — k)

Accordingly, substituting the obtained solution (52) into equation (50) results in the temperature distribution

of the semiconductor medium given by:

4

_ 1 Z (6 - K2) Ay,
6 j—
Further, from equation (48), the solution for the potential function {* can be illustrated as
2
-,
j=1

where p%, p% are roots of the characteristic equation

Kt — 631k2 +c3p = 0.

(56)

(57

(58)
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7 Physics-Informed Neural Network (PINN) Framework
7.1 Motivation for Al Integration

The analytical solution offered in this study delivers a precise characterization of the coupled thermoelas-
tic response in a bi-Helmholtz nonlocal semiconductor medium subjected to opto-electronic excitation. But
because the governing coupled partial differential equations are so complicated, the cost of running the same
tests over and over for parametric studies, optimization, and real-time prediction can be very high.

To get around this problem, a physics-informed neural network (PINN) framework is introduced to effi-
ciently approximate the solution fields while keeping the basic physical laws intact. PINNs are different from
other data-driven models because they put the governing equations right into the learning process. This lets
them make accurate predictions even when there isn’t much training data. This makes them especially good
for multiphysics problems where thermal, mechanical, and carrier transport phenomena are strongly linked.

7.2 PINN formulation

Let, the neural network approximate the solution fields as
(u, v, T, N) = Np(x,y,1), (59

where Ny represents a neural network with parameter 6 having inputs (x, y, ¢) and the respective outputs are
the displacement components u, v, temperature 7 and the carrier density N.

The governing equations of the bi-Helmhotz nonlocal thermoelastic model are enforced through automatic
differentiation as

Ri = (1 —02V>)V?u — VT =0, (60)
Ry = (1 —£>V*)V?v — B VT =0, 61)
R3 = pei(1 = 3VHT + (uT +T) =0, (62)
Ra=(1—GVHN = f(x,y,1) =0, (63)

These residuals represent the physics constraints embedded in the neural network.

8 Loss function construction
The total loss function is defined as
L=CLppe+ Lpc+ Lic + Ldata, (64)
where, the PDE loss is represented by
4
Lrpe =Y IIRill*. (65)
i=1

The loss function of the boundary conditions yields

00y

ax

2
£3c=||u—0||2+||v—0||2+||oxx||2+H +|IT — Toll*. (66)

The loss function corresponding to the initial condition is given by
Lic = lutx, y, 0 + [, y, O + 1T (x, y, O + [IN (x, y, 0)] 1. (67)
Moreover, the data loss function is given by

L:data — ||I/l _ uanalytical”Z + ||T _ Tanalytical”Z + . (68)
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8.1 Training strategy and implementation

The neural network is trained using collocation points sampled in the spatial-temporal domain (x, y, 7). Auto-
matic differentiation is employed to compute spatial and temporal derivatives required in the governing equa-
tions. The model is implemented using a fully connected deep neural network architecture, which enables
effective approximation of the underlying physical fields. The hyperbolic tangent (tanh) activation function is
employed to introduce nonlinearity and ensure smooth learning behavior across the network. For optimization,
a two-stage strategy is adopted: initially, the Adam optimizer is used to achieve rapid convergence, followed by
the L-BFGS algorithm for fine-tuning and improved accuracy. The training dataset is generated from the corre-
sponding analytical solution, ensuring reliability and consistency in the learning process. Model performance
is evaluated using standard metrics, including mean absolute error (MAE), root mean square error (RMSE),
and the coefficient of determination (R?). The overall training procedure is designed to minimize a total loss
function, which enforces that the predicted fields not only fit the data but also satisfy the governing equations
and prescribed boundary conditions.

8.2 Data-Driven Benchmark Models (ANN & XGBoost)

To assess the performance of the PINN model, additional data-driven surrogate models are implemented using
artificial neural networks (ANN) and extreme gradient boosting (XGBoost). IN this process, the input features
include (x, y, t, £1, €2, 70) and the outputs correspond to (u, v, T, N, 0y, 0xy). These models are trained using
datasets generated from the analytical solution. While ANN and XGBoost provide fast predictions, they do
not explicitly enforce physical constraints, unlike PINNS.

9 Boundary conditions

(i) Displacement boundary conditions
The illuminated surface is rigidly fixed in the longitudinal and transverse directions. This yields

u@,y,t) =0, v(,y,t)=0. (69)

(ii) Stress boundary conditions At the photo-induced illuminated surface, the normal stress disappears across
the surface. This yields

0xx(0,y,1) =0. (70)
Moreover, it is assumed that on the boundary, no gradient traction is applied. This yields

00x(0,y,1) o

. 0. (71)

(iii) Thermal boundary condition
The illuminated surface is influenced by a prescribed temperature

T, y,1)="T. (72)

(iv) Mechanical boundary condition
Taking into account the diffusion and recombination processes of photogenerated carriers, the correspond-
ing boundary condition for the carrier density may be written as:

IN@©O, y,1)
T
0x

D = SN, y,1), (73)

where S, is the recombination velocity associated with the bounding plane and serves as a measure of the
recombination activity at the surface. When surface recombination is absent, the motion of carriers toward the
boundary vanishes.
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However, in terms of normal modes, the displacement of the photothermoelastic medium is given by

2 4
w=|ibYy Cje PI* =Y " hyjkjAje T | ey, (74)
4 2
v = inhleje_kfx +Zijje_p~fx ety (75)
| = j=1

Moreover, the amplitudes of the normal stress and the shearing stress can be illustrated invoking equations
(44) and (45) as follows

[y}

O&) —2ib Cipj e P (76)
“e3 (=) (o 82)™ 2 ) (n-ar)
4 2 2
* . hljkj —kix <pj +b > —pix
oX = —2ib A; eY — Ci e Pi* (77)
LA E )

where
2 2 42 2 6 -
S(kj) = B2y (K2 = b2) + 26%h; — g2 (14— —).
3

Finally, on using the dimensionless form of the boundary conditions (69)-(73), we arrive at the system of
equations in the following form as follows

2 4
inCj — Zhljijj =0,
j=I j=I
4 2
inhlj.Aj —|—chjpj =0,
J=1 Jj=1

2

u D k) . Cipj _
; (m - gsz) (172 - Kékf) . ZIb,Z:; (m - ﬁ%pf-) (nz — 67 )
4 (kK e Cipj _
2o (o) E ) ()
=Y (5-8)4 =7,
= 4 4
—Dp Y Ajkj =S,y Aj. (78)
j=1 j=1

Upon solving the above system of equations (78), the unknown parameters A; (j = 1(1)4),C;, j =1, 2
respectively will be determined. This completes the solution of the present problem.

10 Model assessment and validation

To ensure the reliability of the proposed model, the obtained results are compared with earlier established results
listed in Table 1. As illustrated in Fig. 10, when spatiotemporal nonlocal effects are neglected, the present
numerical outcomes show excellent agreement with the results reported in [47], confirming the numerical
validity of the formulation under GN theory.
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Table 1 Case study of associated models and selected cases

Case Condition Model

I =0, 7=0,0; =00 = 1(1)4) For Case I, excluding spatiotemporal nonlocal effects, the
MGN model predictions closely reproduce the results of
[47], thereby confirming the correctness and numerical reli-
ability of the formulation within the Green—Naghdi frame-
work.

11 £=0,7=0,7=0 Case II demonstrates excellent agreement between the
present results and those reported in [48] when both spatio-
temporal nonlocal effects and temperature dependence of
the elastic parameters are neglected. Under these assump-
tions, the formulation reduces to the classical Green—Naghdi
(GN) thermoelastic model, thereby validating the accuracy
and consistency of the present analysis.

11 Numerical results and interpretations

With an aim to illustrate the solution of the thermophysical quantities 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. To demonstrate the numerical
results, silicon (Si) is chosen as the reference material, and the required material constants are obtained from
[46,47]:

2=64x10Nm2, 1 =65%x10Nm2 o =26 x 10°K"!,
K=150Wm 'K ¢cg=695Tkg™' K~!, p=12330kgm3,

To = 800 K, 71 =5x107s, Dp =2.5x 103 kg m~3,
E,=1.11eV, dy = =9 x 1073 m3, Ny =1,
7622’ §0=17 SS=2m871

11.1 Implications of nonlocal length scales parameters

A detailed discussion on the impact of nonlocal parameters on thermophysical field characteristics is presented
in this subsection, as shown in Fig. 4(a)-(f). All these numerical computations have been carried out at depth
y = 0.1 at instant ¢+ = 0.15, while the other parameters have been considered as 7o = 0.02, b = 1, x; = 3,
x2 =1, x3 =1, and x4 = 1 i.e., the heat conduction equation of the present problem is framed in the context
of MGN-IV model.

Figure 4(a) illustrates the spatial variation of the horizontal displacement u with respect to the distance x
at the fixed instant # = 0.15, incorporating the effects of Bi-Helmholtz spatial nonlocality. The displacement
field initiates from zero at the boundary x = 0, thereby satisfying the prescribed clamped boundary condition.
In the immediate vicinity of the illuminated surface, the displacement increases and attains a maximum around
x ~ 0.2. This localized peak arises due to the strong thermoelastic coupling induced by optical excitation and
the associated carrier—lattice interaction near the surface. Beyond this region, a rapid attenuation in magnitude
is observed, reflecting the dissipative and dispersive nature of wave propagation in the nonlocal medium.
Furthermore, increasing the spatial nonlocal parameters enhances the magnitude and spatial spread of the
displacement field, indicating that intrinsic length-scale effects significantly influence mechanical deformation
in the semiconductor.

Figure 4(b) presents the corresponding variation of the vertical displacement v. Similar to the horizontal
component, the displacement satisfies the essential boundary condition by vanishing at x = 0. A monotonic
rise in magnitude occurs within the near-boundary region (0 < x < 0.2), followed by a pronounced decay after
reaching its peak value. This behavior reflects the combined influence of elastic wave dispersion and thermal
relaxation inherent in the modified Green—Naghdi formulation. The qualitative effect of increasing nonlocal
parameters remains consistent: larger length-scale parameters modify both amplitude and decay characteristics,
demonstrating the sensitivity of transverse motion to spatial nonlocality.

Figure 4(c) depicts the temperature distribution along the depth direction for different selections of nonlocal
length-scale parameters. The temperature profile originates from the prescribed thermal loading at x = 0, thus
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Fig. 4 Distributions of a. horizontal displacement u, b. vertical displacement w, ¢. temperature T, d. carrier density N, e. normal
stress oy, and f. shear stress oy, vs. x for different nonlocality parameters £; and £

validating the imposed Dirichlet thermal boundary condition. A slight increase in temperature is observed
near the boundary due to localized photothermal absorption and carrier recombination processes, which act as
internal heat sources. However, as the distance from the illuminated surface increases, the temperature decreases
rapidly, signifying thermal diffusion and wave-type heat transport predicted by the modified Green—Naghdi
theory. The decay rate becomes more pronounced with increasing nonlocal parameters £1 and £2, highlighting
the role of the bi-Helmholtz kernel in altering thermal wave dispersion and attenuation characteristics.

Figure 4(d) demonstrates the distribution of carrier density N within the semiconductor. The carrier density
vanishes at the boundary, consistent with the imposed surface recombination condition. A compressive-type
spatial profile is observed, where the carrier concentration increases within a finite penetration depth before
diminishing toward zero at larger distances. This behavior is governed by diffusion-recombination balance and
the coupling between carrier dynamics and the thermoelastic field. The influence of the nonlocal parameters

modifies the penetration depth and peak concentration, emphasizing the interplay between microstructural
length scales and carrier transport.

Figure 4(e) and (f) present the variations of the normal stress oy, and shear stress oy, respectively. The
normal stress satisfies the mechanical boundary condition by vanishing at x = 0. A predominantly compressive
stress state develops within the medium, which can be attributed to thermal expansion constrained by the
boundary and photogenerated carrier pressure. The stress magnitude decays with increasing depth, reflecting
the attenuation of coupled thermoelastic waves. The shear stress exhibits a similar qualitative trend, governed
by transverse deformation and mode coupling effects. In both cases, the nonlocal parameters significantly
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influence stress amplitude and spatial distribution, confirming that the bi-Helmholtz formulation effectively
captures size-dependent mechanical responses absent in classical local theories.

Overall, the results clearly demonstrate that the incorporation of Bi-Helmholtz spatial nonlocality modifies
displacement, temperature, carrier density, and stress fields in a physically consistent manner, highlighting the
importance of intrinsic material length scales in opto-electronic semiconductor applications.

11.2 Implications of thermal phase lag parameter

The present subsection is addressed to highlight the influence of the relaxation-time parameter o on the
behavior of the thermophysical fields. For the purpose of computations, the heat transport law is designed in
the context of MGN-IV heat conduction law, while the parameters of the computation have been considered
tobel; =€, =0.01,t=0.15,y=0.1,b=1,x1=3,x2=1,x3=1,and x4 = 1.

As noticed from Fig. 5(a), the horizontal displacement profile demonstrates a pronounced sensitivity to
the relaxation time. For smaller values of tp, the displacement amplitude is significantly higher, exhibiting
a sharp peak near the illuminated surface. As 7o increases, the peak magnitude decreases and the profile
becomes smoother. Physically, the relaxation time governs the delay in heat flux response to temperature
gradients. A larger 7( introduces stronger thermal inertia, reducing the immediate thermoelastic coupling
strength. Consequently, mechanical deformation becomes less intense as the relaxation effect strengthens.

A similar qualitative trend is observed in the transverse displacement component as revealed in Fig. 5(b).
For lower 19, the amplitude is larger and more localized near the boundary. Increasing 7o suppresses the
peak magnitude and accelerates spatial attenuation. This indicates that relaxation effects reduce the effective
thermoelastic driving force responsible for transverse motion, introducing a damping-like behavior in the
coupled system.

From Fig. 5(c), the temperature field shows moderate yet systematic dependence on tp. As the relaxation
time increases, the peak temperature slightly decreases and the decay becomes smoother. Under the MGN-IV
model, heat propagates as a thermal wave with finite speed rather than diffusing instantaneously. A larger 7o
increases the delay in heat flux establishment, thereby distributing thermal energy more gradually within the
medium. This leads to reduced thermal gradients and weaker thermoelastic feedback.

In Fig. 5(d), the carrier density profile exhibits noticeable dependence on tg. With increasing relaxation
time, the magnitude of the carrier concentration decreases slightly and the spatial penetration depth is modified.
Since carrier transport is strongly coupled with temperature through diffusion and recombination mechanisms,
the relaxation-induced modification of thermal gradients indirectly influences carrier dynamics.

In Fig. 5(e), the normal stress shows a compressive character near the boundary. For smaller 7¢, the
compressive peak is stronger and more localized. As 1y increases, the stress magnitude decreases and the curve
becomes smoother. This confirms that the relaxation parameter regulates thermoelastic stress generation by
moderating thermal wave intensity. However, a similar trend can be found in the variation of the shearing stress
as revealed in Fig. 5(f). This further verifies the stabilizing role of thermal relaxation in coupled thermoelastic
wave propagation.

11.3 Effects of different thermoelasticity theories

In order to illustrate a comparative study among the different generalized modified Green-Naghdi thermoelas-
ticity theories (Figures 6(a)-6(f)), the present subsection is designed in the presence of Bi-Helmhotz nonlocality
(i.e.,£1 = £, = 0.015) and the other parameters have been considered as 7o = 0.02,¢ = 0.15,y = 0.1, = 1.

The comparative results presented in Fig. 6(a)-(f) demonstrate that while all generalized modified Green-
Naghdi (MGN) models exhibit similar qualitative spatial behavior, noticeable quantitative differences emerge
in the amplitudes and attenuation patterns of the thermo-physical fields. The displacement and stress compo-
nents attain higher peak magnitudes under the MGN-I, MGN-II, and MGN-1V formulations, reflecting stronger
thermoelastic wave coupling, whereas the conventional GN theory and MGN-III predict comparatively sub-
dued responses due to enhanced dissipation or weaker relaxation effects. The temperature distribution further
distinguishes the models: MGN-IV, incorporating higher-order thermal relaxation, exhibits clearer finite-speed
thermal wave characteristics, while the classical GN theory behaves closer to diffusive heat transport. Since
carrier density evolution is thermally driven, its distribution follows similar trends, with stronger thermal gra-
dients leading to slightly deeper penetration. Overall, the MGN-IV model achieves a balanced representation



Physics-informed neural network and data-driven modeling... Page 17 of 27 72

a b.
10F 6 .
st ! 1.75 = 0.02 sk 1 1.7, = 0.02
’ 2.7, = 0.03 gl 2.7 = 0.03
o> O 3.75 = 0.04 N 2 315 = 0.04
S S
X 4 x 3P
= = 2k
2f
1 E
0F
, . . . . 0k . - :
0.0 05 1.0 13 2.0 0.0 05 1.0 15 2.0
X X

e f.
0.0f - 1.7 = 0.02
: 18 To = 0.02 2.7 = 0.03
£ 205 2.19 = 0.03 1 e 375 = 0.04
= 3.1 = 0.04 =
X X
|3 3 &
5 0l " [
1
-15h " . A e . . .
0.0 0.5 1.0 1:5 20 1.0 1.5 20
X X

Fig. 5 Distributions of a. horizontal displacement u, b. vertical displacement w, c. temperature 7', d. carrier density N, e. normal
stress oy, and f. shear stress oy, vs. x for different thermal phase lag parameter 7o

of wave propagation, relaxation behavior, and spatial attenuation in the presence of Bi-Helmholtz nonlocality,
avoiding the excessive smoothing observed in MGN-III while preserving physical stability. Consequently, for
opto-electronic excitation in a nonlocal semiconductor medium, the MGN-IV framework provides the most
consistent and physically realistic description of the coupled thermoelastic response.

11.4 Heat map visualization of different thermophysical variables

The following subsection enlightens a heat map distribution of different thermophysical quantities for a better
visualization and interpretations. Corresponding to the numerical interpretations, the following assumptions
have been made, i.e., £1 = €, = 0.015, 70 =0.02,t =0.15,y =0.1,b=1, x1; =3, x2 =1, x3 =1, and
x4 = 1.

From Fig. 7(a), the heat map of the displacement component u(x, y) (x10%) exhibits a strong spatial
gradient along the x-direction. The displacement reaches its maximum in the intermediate region (x &~ 0.1-
0.2) and gradually diminishes toward the right boundary, indicating attenuation of the thermally induced
mechanical disturbance. The smooth distribution confirms the stabilizing influence of the fractional relaxation
parameter Tp.

Figure 7(b) shows that the transverse displacement w(x, y) (x 103)is primarily concentrated near the lower-
left corner and decays monotonically along x. Its comparatively confined magnitude suggests that the coupling
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Fig. 6 Distributions of a. horizontal displacement u, b. vertical displacement w, ¢. temperature 7', d. carrier density N, e. normal
stress oy, and f. shear stress oy, vs. x for different thermoelasticity theories

parameters x; effectively regulate shear deformation, while the characteristic lengths €1 and ¢, enhance spatial
damping.

As illustrated in Fig. 7(c), the temperature field 7 (x, y) follows a smooth, bell-shaped profile with a
maximum near the central region of the domain. The non-monotonic variation reflects finite-speed, nonlocal
heat propagation governed by thermal relaxation, thereby avoiding unrealistic thermal spikes.

The carrier density N (x, y) (x107#?), depicted in Fig. 7(d), shows a sharp boundary-layer behavior near
the left edge followed by rapid attenuation along x. Despite its small magnitude, the bounded and smooth
variation highlights the influence of memory-dependent effects.

Finally, Fig. 7(e) and (f) demonstrate that both the normal and shear stress components attain maximum
magnitudes near the left boundary and decrease progressively along the x-direction. The absence of stress
singularities confirms the well-posed and physically consistent nature of the adopted nonlocal fractional model.

One may conclude that the heat-map visualization significantly enhances the interpretation of the coupled
thermophysical behavior by providing a clear two-dimensional representation of how thermal, mechanical,
and carrier fields evolve spatially within the semiconductor medium under optical excitation. Unlike one-
dimensional line plots, the heat maps simultaneously illustrate the magnitude, localization, attenuation, and
interaction of the field variables throughout the computational domain, thereby offering deeper physical insight
into the propagation characteristics of thermoelastic waves. In particular, the visual distributions help identify
boundary-layer formation, regions of maximum thermal and mechanical activity, spatial damping induced
by nonlocal effects, and the smoothness of the stress and temperature fields resulting from thermal relax-
ation. Furthermore, the heat maps clearly demonstrate the stabilizing influence of the bi-Helmholtz nonlocal
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Fig. 8 Comparison of horizontal displacement u(x) obtained using the analytical solution and PINN prediction under identical
thermoelastic and nonlocal conditions

formulation through the absence of singularities and abrupt field variations. Therefore, these visualizations
not only validate the physical consistency of the proposed model but also provide an intuitive understanding
of the coupled energy transport, carrier diffusion, and stress propagation mechanisms occurring inside the
semiconductor medium.

11.5 Visualization of PINN predicted results

Figure 8 shows how the analytical model and the PINN framework predict that the horizontal displacement
u(x) will change in space. The fact that both curves are so close to each other shows that the PINN can
accurately learn the governing coupled thermoelastic equations. The displacement shows oscillatory behavior
near the excitation region, followed by exponential attenuation, which is in line with nonlocal elasticity effects.
The small difference seen at greater spatial distances is due to errors in the neural network training that were
made when trying to get it right. This result shows that PINNs can accurately reproduce displacement fields
in difficult semiconductor thermoelastic problems, which makes it possible to make quick predictions without
having to solve the full analytical formulation over and over again.

Figure 9 shows how the temperature changes over space by comparing analytical results with PINN
predictions. Because of the combined effects of thermal relaxation and carrier interaction, the temperature
has a decaying oscillatory profile. The PINN accurately captures both the amplitude and phase of the thermal
wave propagation, which shows that it is a strong model for heat transfer that doesn’t follow Fourier’s law.
There are small differences near the peak regions because of nonlinear coupling between the electronic and
thermal fields. The results show that the PINN framework can accurately predict how heat moves through
semiconductor materials. This makes it a useful tool for predicting how materials will respond to changes in
physical parameters without having to do expensive analytical calculations.

Figure 10 displays the fluctuation of normal stress as o, forecasted by analytical and PINN methodologies.
Because of thermoelastic coupling caused by thermal gradients, the stress distribution has areas of compression
and tension. The PINN prediction is very close to the analytical solution, which shows that the network can
learn the stress-strain relationships that are built into the governing equations. For testing the strength and
failure modes of semiconductor materials, it is especially important to accurately reproduce stress peaks.
Small changes in amplitude show how sensitive stress fields are to small errors in displacement gradients. This
shows how important it is to train physics-informed models carefully for thermo-mechanical applications.

Figure 11 shows the vertical displacement distribution v(x) that the PINN model gave us. The response
shows oscillatory behavior with spatial decay, which means that it spreads like a wave because of nonlocal and
thermoelastic coupling effects. Because vertical displacement is not directly forced but comes from the coupled
system, being able to accurately predict it shows that PINNs can learn about hidden physical relationships. The
decrease in amplitude with distance shows how energy is lost and how internal damping works. This figure
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Fig. 9 Comparison of temperature distribution 7 (x) predicted by the analytical solution and the PINN model
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Fig. 10 Comparison of normal stress obtained from analytical formulation and PINN approximation

shows how well the PINN framework can predict secondary displacement components, which are necessary
for fully understanding how semiconductor materials change shape when they are heated.

Figure 12 shows how carrier density N (x) changes in space. This is an important variable in semiconductor
thermoelasticity. The distribution has a peak close to the excitation region, and then it slowly goes down. This
is because of recombination and diffusion processes. By including the governing diffusion-reaction equation in
its loss function, the PINN is able to accurately model this behavior. It is very important to be able to accurately
predict carrier density because it affects thermal and mechanical responses directly through coupling effects.
This result shows that PINNs can model more than just classical fields; they can also model semiconductor-
specific phenomena. This makes them very useful for multi-physics problems that involve thermal, mechanical,
and electronic interactions.

Figure 13 shows how shear stress is spread out based on the PINN model. The shear stress shows oscillatory
changes with a lower amplitude, which shows that thermoelastic coupling and wave propagation are at work.
To understand how things deform and how they might fail when they are under a lot of stress, it is important
to be able to accurately predict shear stress. The PINN accurately captures these changes, showing that it can
learn coupled stress components from governing equations. The results show that physics-informed neural
networks can be used reliably to predict both normal and shear stresses. This makes them a useful tool for
studying how advanced material systems behave when they are heated or cooled.

Figure 14 shows how the PINN converges during training by showing how the total loss goes down over
time. The quick drop at first shows that the governing equations and boundary conditions are being learned
well, and the slow plateau suggests that the solution is getting closer to the best one. The loss curve’s smooth
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Fig. 11 Spatial variation of vertical displacement v(x) predicted using the trained PINN model
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Fig. 12 Distribution of carrier density N (x) predicted by the PINN model across the spatial domain
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Fig. 13 Spatial variation of shear stress predicted using the PINN framework
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Fig. 15 Absolute error distribution |Tp; NN — Tanalyricat| illustrating prediction accuracy of the PINN model

drop shows that the training process is stable and strong. This behavior shows that the PINN does a good job
of reducing the residual errors that come with the coupled thermoelastic system. The convergence trend shows
that the model is reliable and that the predicted physical fields are in line with the underlying mathematical
formulation.

Figure 15 shows how far off the PINN predictions are from the analytical solution for the temperature
distribution. The error stays very small throughout the domain, which shows that the PINN model is very good
at making predictions. Slight increases in error near peak regions are due to nonlinear coupling effects and
sharp gradients, which neural networks find harder to approximate. The low error overall shows that the PINN
does a good job of capturing the main physics of the problem. This figure shows how useful PINNs could be as
areliable replacement for analytical methods, especially for complicated systems where it’s hard or expensive
to get closed-form solutions.

Figure 16 shows the confusion matrix that tests how well the PINN-based model can tell the difference
between safe and critical thermal states. The high values along the diagonal mean that the model is very good at
making predictions and that most samples are correctly classified. The model is very sensitive to boundary cases
where temperature values get close to critical thresholds, which is why there are so few misclassifications. This
classification framework is especially helpful for figuring out how safe semiconductor materials are when they
are exposed to outside forces. The results show that the PINN model not only accurately predicts continuous
physical fields, but it also helps with decision-making by reliably classifying operational safety regimes.
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Confusion Matrix (PINN Classification)
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Fig. 16 Confusion matrix representing the classification performance of the PINN-based model for identifying safe and critical
thermal regimes
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Fig. 17 Confusion matrix representing the classification performance of the PINN-based model for identifying safe and critical
thermal regimes

Figure 17 shows the validation curve, which shows how well the PINN model works with different values
of the nonlocal parameter. The difference between PINN predictions and analytical solutions keeps getting
smaller, which shows that the trained network can generalize well. The smooth drop in error shows how strong
the PINN is at capturing the physics that govern different parameter regimes. Minor changes seen at higher
parameter values are due to the fact that nonlocal interactions become more complicated. In general, the curve
shows that the PINN model is very accurate in a wide range of physical conditions. This makes it a good choice
for fast parametric analysis of thermoelastic semiconductor problems.

The results show that the proposed physics-informed neural network accurately captures the coupled
thermoelastic and carrier transport behavior of the semiconductor medium, showing excellent agreement with
the analytical solution across displacement, temperature, and stress fields. The predicted responses show
oscillatory decay, which is a result of thermal relaxation, nonlocal interactions, and energy dissipation in
the medium. The temperature and carrier distributions show that the thermal and electronic fields are strongly
linked, especially near the excitation region where the highest values are seen. The neural network successfully
reproduces these complicated interactions while staying stable and having a low prediction error across the
board. The validation analysis also shows that the model works well with different physical parameters and
that the classification framework does a good job of telling safe thermal states apart from critical ones. These
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results show that the method is strong enough to accurately model how multi-physics works in advanced
semiconductor systems.

12 Concluding remarks

In the present work, a comprehensive theoretical and numerical investigation has been conducted to examine
a novel enhancement incorporating intrinsic size dependency within the framework of conventional linear
thermoelasticity. By modifying the classical Helmholtz equation, suitable kernel functions have been derived,
which act as Green’s functions for higher-order partial differential equations. The physical motivation for
employing a bi-Helmbholtz-type kernel is justified through its capability to produce dispersion relations for
plane harmonic waves that are consistent with those predicted by lattice dynamics. Furthermore, the effects of
spatial nonlocal parameters and various thermoelastic models have been systematically explored to clarify their
roles in governing the dynamic response of the medium. The principal findings of the study are summarized
in the following concluding remarks.

e A generalized thermoelastic framework incorporating Bi-Helmholtz spatial nonlocality successfully cap-
tures intrinsic size-dependent effects in semiconductor media. The introduction of two characteristic length-
scale parameters significantly modifies the amplitude, spatial spread, and attenuation behavior of displace-
ment, temperature, carrier density, and stress fields compared to classical local models.

e The displacement components exhibit pronounced localization near the illuminated boundary, followed
by rapid attenuation with depth. Increasing nonlocal length-scale parameters enhances the spatial distri-
bution and magnitude of deformation, confirming the critical role of microstructural effects in governing
mechanical response.

e The temperature distribution demonstrates finite-speed thermal wave propagation consistent with the mod-
ified Green—Naghdi formulation. The bi-Helmholtz kernel alters thermal dispersion and attenuation char-
acteristics, preventing unrealistic diffusive behavior and ensuring physically admissible thermal profiles.

e Carrier density evolution is strongly influenced by thermoelastic coupling and diffusion—-recombination
mechanisms. The nonlocal parameters modify both penetration depth and peak concentration, highlighting
the interplay between carrier transport and intrinsic material length scales.

e The thermal phase-lag parameter 1( plays a stabilizing role in the coupled system. Increasing 7y reduces
displacement and stress amplitudes, smooths temperature gradients, and moderates carrier concentration,
demonstrating that relaxation effects regulate thermoelastic wave intensity and introduce damping-like
behavior.

e Comparative analysis of different generalized modified Green—Naghdi (MGN) theories reveals that the
MGN-IV model provides the most balanced representation of wave propagation, relaxation, and spatial
attenuation. It preserves finite-speed thermal transport while avoiding excessive smoothing or unrealistic
amplification.

e The incorporation of a physics-informed neural network into the existing framework offers a robust and
computationally efficient alternative to traditional analytical methods for resolving coupled thermoelastic
issues. The model shows that it is very accurate, can generalize well, and converges steadily while capturing
the important physical behavior of temperature, stress, displacement, and carrier dynamics. The neural
network not only reproduces analytical results, but it also makes fast predictions and helps classify thermal
safety regimes. This makes it especially useful for real-time applications. The proposed method makes
things a lot easier to compute and works well for complicated multi-physics systems where traditional
methods don’t work as well. This shows that physics-informed machine learning could be a useful tool for
advanced thermal analysis, design optimization, and safety assessment in engineering and semiconductor
applications.
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