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Abstract: This research examines the impact of varying
thermal conductivity within the framework of generalized
photo-thermoelastic theory in a thermo-hydrodynamic
semiconductor material. The changes in thermal conduc-
tivity are presented to evaluate the wave distributions of
temperature, carrier density, excess pore water pressure,
stress, and displacement in a poroelastic (poro-silicon,
PSi) material. The integrated model of thermoelasticity,
hydro-mechanics, and plasma waves is examined. The
normal mode analysis is employed to provide the analy-
tical solution of the distribution of the researched fields
as components of this phenomenon. The findings are
demonstrated about the effects of the thermal conduc-
tivity parameter as the heat source decays. A comparison
of the numerical results with prior analytical studies is
conducted, excluding the new parameter, and the beha-
viors of physical quantities in the numerical solutions are
analyzed to validate the accuracy of the proposed tech-
nique. All physical quantities are influenced by changing
thermal conductivity.

Keywords: decaying heat source, photo-thermoelasticity,
thermal conductivity, porosity, silicon, hydrodynamic

Nomenclature

C. specific heat of the medium

G heat capacity of semiconductor grains
Cw heat capacity of pore water

Dr carrier diffusion coefficient

E, energy gaps
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e; strain tensor

e cubical dilatation

g gravity

Ky thermal conductivity

kg coefficient of permeability

N carrier concentration (density)
n, porosity

m volumetric heat capacity of medium
P €xcess pore water pressure

T reference temperature

t time variable

T absolute temperature

U; displacement vector

Au Lame’s parameters

6n = (34 + 2w)d,
y = (A + 2uw)as

deformation potential coefficient
thermal expansion of volume

Qs thermal expansion coefficient of semi-
conductor grains

s density of semiconductor grains

Puw density of pore water

p density of the medium

T lifetime

T thermal memory

Ay thermal expansion coefficient of pore
water

G stress tensor

1 Introduction

The importance of semiconductor materials arises from
their recent applications, particularly in contemporary
technology and emerging energy alternatives. The thermoe-
lastic hypothesis, prevalent in engineered structural materials,
is crucial for steel stress analysis and applied mechanical
sciences. The increase in body temperature results not only
from internal and external heating sources but also from
deformations occurring during the micro-inertia of the
microelement. Numerous applications rely on analyzing
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the effects of sunlight or laser beams on the external sur-
faces of semiconductor materials [1,2], disregarding the
internal structures of the media. Semiconductor materials
have solely been examined as elastic materials, disregarding
the impact of light beams on them. Semiconducting materials
are classified as nanoparticles in contemporary technology,
with several applications, such as industrial photovol-
taic solar cells. Electronic and elastic deformations arise
when a laser beam impinges onto the surface of a semicon-
ductor material. Due to advancements in semiconductor
integrated circuit technologies solid-state sensor technolo-
gies have been extensively utilized across various domains,
characterized by their compact size, lightweight nature, and
low energy consumption. To comprehend the internal struc-
tural characteristics of elastic media, particularly in semi-
conductor materials, it is essential to examine their electrical
properties while taking into account their mechanical and
thermal attributes [3,4]. The significance of semiconducting
materials arises from their recent applications in numerous
advantageous technologies, particularly those centered on
new energy alternatives. Numerous applications rely on
examining the impact of sunlight or laser beams on the
exterior surface of semiconducting materials, disregarding
the interior structure of the medium. In this instance, certain
surface electrons will be stimulated, resulting in the genera-
tion of photo-excited free carriers. The connection between
photothermal (PT) theory and semiconductors is signifi-
cant in contemporary technology. Numerous scientists
have employed the PT hypothesis to ascertain temperature
values. The thermal diffusion of nanocomposite semicon-
ductor materials has been quantified.

An improved representation of thermoelastic distur-
bances is provided by generalized thermoelasticity, a state-
of-the-art model that takes into account the mechanical and
thermal interactions between materials. In contrast to the
classical model, the velocities at which these disturbances
propagate as waves are more in line with those of the actual
world [5]. This shortcoming has led to the development of
many non-classical thermoelastic theories, such as the Lord-
Shulman (LS) model [6]. To better explain thermoelastic
behavior in complicated contexts, these models include
more variables [7-9]. The temperature-dependent thermal
conductivity in convective-radiative fins is one of the many
aspects of this link that researchers have looked into exten-
sively [10]. In addition to these, they have looked into
methods of identification [11], solved the thermoelasticity
problem in an axisymmetric construction [12], and studied
the interplay of thermoelasticity in a hollow cylinder [13].
Lotfy [14] investigated the two-dimensional Mode-I crack
thermoelastic problem using fiber-reinforced materials.
There has been a lot of research on wave propagation
using generalized thermoelasticity as a framework [15-19].
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Electrons are excited when exposed to a laser or sun-
light, which causes plasma waves to form. This causes the
plasma wave, the elastic wave, and the thermal wave to
interact with one another. In building the PT theory,
Gordon et al. [20] and Kreuzer [21] accomplished astounding
things. Research on the PT theory of thermoelastic-elec-
tronic wave coupling was conducted by Mandelis et al
[22]. In a semiconducting medium, Todorovic [23] studied
plasmaelastic and thermoelastic waves. A reflection pro-
blem in a semiconducting medium was investigated by
Song et al. [24] to determine the ratios of reflection coeffi-
cients. Within the framework of LS theory, Hosseini and
Zhang [25] clarified the wave propagation issue in a semi-
conducting medium. At the interface of a thermoelastic
micropolar cubic crystal and a semiconducting half-space,
Ailawalia et al. [26] examined the effect of mechanical force.
A two-dimensional semiconducting medium according to
the LS model was investigated by Hobiny and Abbas [27]
using thermoelastic theory. Waves in a semiconducting
medium were investigated by Liu et al. [28] in the absence
of body force using a thermophysical properties character-
ization. A new model for investigating PT interaction in a
spinning microstretch semiconductor medium subjected to
initial stress was proposed by Lotfy et al [29]. Recent
research has significantly advanced the understanding of
the interactions between thermal, optical, and magnetic
effects in semiconductor materials. Raddadi et al. [30]
investigated the optoelectronic-thermomagnetic effect in a
microelongated non-local rotating semiconductor subjected
to pulsed laser heating with varying thermal conductivity,
offering valuable insights into the behavior of such mate-
rials under dynamic conditions. Building on this, Elamin
et al [31] explored the response of a photo-elasto-electric
semiconductor porous medium with changing thermal con-
ductivity and two-temperature effects, shedding light on the
complex thermal and mechanical interactions within these
materials.

Experiencing high temperatures causes an elastic mate-
rial’s thermal conductivity to change experimentally. Hence,
maintaining a constant heat conductivity is not an option. To
investigate stacked thin plates with varied thermal conduc-
tivity, Youssef and El-Bary [32] presented a mathematical
model. Researchers Ezzat and Youssef [33] tested the notion
of one relaxation time on thermoelastic media with varying
electrical and thermal conductivities. The effects of chan-
ging thermal conductivity in an elastic half-space on frac-
tional thermoelasticity theory were investigated by Sherief
and Abd El-Latief [34]. The thermal stress of a hollow
cylinder in a thermoelastic media that depends on tempera-
ture was determined by Zenkour and Abbas [35] using the
finite element method. In the framework of the dual-phase-
lag and L-S thermoelasticity models, Yasein et al [36]
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showed how changing the thermal conductivity of a semi-
conducting material subjected to a thermal ramp type
affects the material. In their study, Abbas et al. [37] exam-
ined the effects of varying thermal conductivity on a semi-
conducting medium including cylindrical cavities. For a
porous medium with varying heat conductivity, the heat
transfer behavior becomes spatially dependent, requiring
the thermal conductivity to be treated as a function of posi-
tion within the medium to accurately model temperature
distribution and heat flow. To investigate PT interactions in
a semiconductor with mechanical ramp type and variable
thermal conductivity, Lotfy and El-Bary [38] put forward an
elastic-thermodiffusion model.

More research is needed to understand the thermo-
hydro-mechanical (THM) coupled behavior of unsaturated
soil, which is prevalent [39]. Wave propagation in thermo-
elastic porous media is a topic of study for engineers
working in petroleum, chemicals, pavements, and nuclear
waste management. A lot of studies have been conducted
on it. Research by Kumar and Devi [40] examined several
heat sources in a generalized thermoelastic media that was
both porous and subjected to thermomechanical boundary
conditions. To represent generalized thermoelasticity in
poroelastic materials, Sherief and Hussein [41] created gov-
erning equations in their research. Subsequently, a half-
space thermal shock issue was resolved using this model. A
two-dimensional porous material problem with a single
relaxation time was solved by Abbas and Youssef [42] using
fractional order generalized thermoelasticity theory. At the
planar interface between two different materials, one
being a homogeneous, isotropic thermoelastic material,
and the other a porous medium, the interaction of thermal
and mechanical properties must be carefully considered.
Wei et al. [43] investigated the refraction and reflection of a
longitudinal wave with an oblique incidence. In a thorough
investigation, Schanz [44] examined the analytical solu-
tions and poro-elastodynamic models. Additionally, the
author contrasted numerical approaches using finite ele-
ments and boundary elements [45]. Previous fluid-satu-
rated medium research inspired our analysis. Theories
have evolved from Biot’s simple isotropic poroelastic theory
to a whole framework for dealing with phenomena and
material anisotropy [46]. The Booker and Savvidou [47] ana-
Iytical solution for soil consolidation considers a point
source and an impermeable, rigid, spherical heat source.
Biot proposed a thermodynamics theory for elastic satu-
rated porous materials [48]. Xiong et al. [49] used normal
mode analysis to study the poroelastic generalized thermo-
elasticity. Recent studies have made significant contributions
to the understanding of the dynamic behavior of porous and
fiber-reinforced materials under various thermal, magnetic,
and mechanical effects. Gupta et al. [50] developed a double

Temperature-dependent thermal conductivity in photo-hydro semiconductor media

-—_ 3

poro-magneto-thermoelastic model incorporating microtem-
peratures and initial stress, which provided insight into
memory-dependent heat transfer in such systems. Similarly,
Dutta et al. [51] investigated the behavior of nonlocal fiber-
reinforced double porous materials under fractional-order
heat and mass transfer, expanding the understanding of
heat and mass transport in complex materials. Further, Dutta
et al. [52] explored the impact of nonlocal effects on shear
wave propagation in fiber-reinforced poroelastic structures
under impulsive disturbances. Meghana et al. [53] presented
a size-dependent analysis of surface wave propagation in
fractured porous seabeds subjected to fractional-order deri-
vatives, providing new insights into wave behavior in such
media. Das et al. [54] examined the effects of fractional-order
derivatives on wave reflection in pre-stressed microstruc-
tured solids with dual porosity, advancing the understanding
of wave dynamics in porous materials. Additionally, Gupta
et al. [55] studied the response of moisture and temperature
diffusivity in orthotropic hygro-thermo-piezo-elastic media,
highlighting the effects of moisture and temperature on the
material properties.

The primary objective of this study is to investigate the
impact of temperature-dependent thermal conductivity
and a decaying heat source on wave propagation phe-
nomena in hydro-elasto-semiconductor media within the
framework of generalized photo-thermoelasticity theory.
Specifically, the study aims to analyze the effects of these
factors on the distribution of temperature, carrier density,
stress, displacement, and excess pore water pressure.
Additionally, the study seeks to validate the proposed
model by comparing the results with prior analytical stu-
dies that did not account for variable thermal conductivity
and decaying heat sources. The main hypotheses of this
study are that the inclusion of temperature-dependent
thermal conductivity significantly alters the interactions
between thermal, mechanical, and plasma waves, leading
to distinct temperature and stress distributions compared
to models assuming constant conductivity. Additionally, it
is hypothesized that the decaying heat source causes a
substantial attenuation of thermal waves, thereby affecting
the coupled fields of temperature, carrier density, and
mechanical stresses. Furthermore, the combined effect of
variable thermal conductivity and a decaying heat source
is expected to enhance the accuracy of wave propagation
predictions in hydro-semiconductor media, making them
more consistent with observed physical behaviors. These
hypotheses aim to deepen the understanding of coupled
THM-plasma interactions in semiconductor materials.

The goal of the current study is to determine how the
variability of thermal conductivity values affects a hydro-
semiconducting material. The linked THM plasma model is
examined utilizing normal mode analysis during decaying
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heat sources. A poroelastic half-space covering the semi-
conducting half-space has been used to model the problem.
The analytical elements of displacement, stress, excess
pore water pressure, plasma carrier density, and distribu-
tion of temperature are derived from the application of
specific boundary conditions to the poro-semiconductor
medium. All examined physical quantities were found to
be contingent upon changing thermal conductivity. This
research enhances the theoretical framework of thermo-
elasticity, applicable to the design and optimization of
structures and materials under elevated temperatures.
After that, the data were utilized to contrast and compare
the two methods: the photo-thermoelastic dynamic (PTD)
model and the combined photo-thermo-hydro-mechanical
dynamic (PTHMD) model.

2 Mathematical model and basic
equations

Consider a half-space with plasm diffusion (carrier density
N) in a poroelastic semiconductor. In addition, the coordi-
nate system (x, y, z) is considered, where the z-axis is taken
in the downward direction from the vertical. The funda-
mental governing formulas are provided for a hydro-semi-
conducting (homogeneous, isotropic, and porous) medium
in the following form:
(i) The photo-excited process of semiconductor poroelastic
medium establishes a connection between thermal and
plasma waves [48,49]

oN
DgVPN - —

N
-—+kxT=0, o
ot T

where the quantity ¥ denotes the thermal activation
coupling parameter.

(ii) The photo-thermoelastic theory applies equations of
motion to elastic semiconductor materials, taking into
account thermo-plasma-hydromechanical coupling
[38,41]

A+ WV(V- @) + Vil - VP - yVT - 6,YN = pit (2)

(iii) For poroelastic semiconductors, the heat conduction

equation is based on thermal conductivity variations

[33,38]

v (KVT)—m[1+Ti]£— T[1+Ti@
' “at)ar Vo °at ) ot
3
Eg
+—=N=0.
T
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(iv) The equation for water’s mass conservation is [47-49]

oT  de o%
il - +VY2p = 4
bw[aw ot 6t] pw atZ VP O’ ( )
Where m= nOprW + (1 - no)psCS and bW = %.

The constitutive governing equation is [32,36]
O = AUy, S + pug; + ptyy = (P + yT = 5;N)Sy. (5)

Given that thermal conductivity exhibits a linear rela-
tionship in temperature as demonstrated in [32]

K(T) = Ko(1 + KT). (6)

According to Eq. (6), K; can be chosen as a small nega-
tive parameter (variable thermal conductivity parameter)
and K, expresses the thermal conductivity in a natural case
(temperature independent [ambient thermal conductivity]).
This linear approximation is widely used in semiconductor
physics because it effectively captures the influence of
phonon scattering and carrier-phonon interactions, which
cause thermal conductivity to either increase or decrease
with temperature depending on the material’s characteris-
tics. For semiconductors, higher temperatures generally
enhance phonon scattering, reducing thermal conductivity.
The chosen form provides a balance between accuracy and
analytical tractability, allowing us to investigate the coupled
effects of thermal conductivity variations and decaying heat
sources on wave propagation phenomena in hydro-semicon-
ductor media. On the other hand, the Kirchhoff transforma-
tion formula can be expressed in an integral form of
thermal conductivity [32] as follows:

T
.1
F = E!K(X)dx. Y

Combining the differentiation technique with the trans-
formation map, Eq. (7) according to the space coordinates x;
yields [38]

KoT i = K(T)T ;= KoT i = (K(T)T ), KoT = KT, (®)

When the nonlinear terms are ignored, Eq. (8) can be
rewritten as

KoT i = KT i + KT j; = Ko(1 + KiT);T; + KT
= Koki(T ;)* + KT i = KT .

)

Operating by the differential operator % on both sides
of plasma-heat, Eq. (1) using Eq. (8) yields

o KK OT _

0. (10)
K 6xi
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Taylor expands is applied for the last term of Eq. (10)
with linearity property, which yields

K, T oT
0% 1+ KIS = k(1 - KT
Ko(1 + KiT) 0x; ax;
aT
+ (KlT)Z T s )a_X
5 L . ap
= Kﬂ - KKTaT + K(KT)2
0X; ! 0X; ! Xi
__or
....... ox

Eq. (10), according to the linearity form of Eq. (11), can
be rewritten as

J0 1
DEVZ———?]N+KT 0.

12
o (12)

By applying the map transformations defined in Egs.
(7) and (8), Eq. (3) can be reformulated as:

0
at

vT, de

EgN 0
+ —N=0.
K, ot

Kyt

V2T -1+ 5p— (13

m oT
— +
[KO at

The waves are thought to be moving on the xz- plane.
Therefore, in a poro-semiconducting material, the vector

of displacement i is formulated in two dimensions (2D) as

U=w0w); u=ulxzt), w=wkzt), e= g—z + ?TVZV'
The 2D analysis of motion Eq. (2) according to the vari-

able thermal conductivity (map transform) takes the fol-

lowing form:

S (14)
- 55
(A+u)%+u§7f+%}]—%—y%— n%
o*w =
- %5

On the other hand, the constitutive Eq. (5) takes the
following form:

0 .
O = 2y§ +Ae-yF - P+ @A+ 20)dN,  (16)
ow -
7 = 2ya—x + e = yT = P + (34 + 2u)d,N, ¥
ow odu
=yl— + — 18
%= Moy T oz ) )

where 8, = (31 + 2u)d,, d, represents the electronic deforma-
tion coefficient. In this problem, two photo-thermoelasticity
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theories are described, the first is the classical coupled theory
when 7, = 0 and the second is the LS model that appears
when 7, > 0.

We also utilize the dimensionless quantities in the con-
text of the mapped temperature shown below for purposes
of simplicity:

_ ) _
N = 2 : AN’ X; = Cobxi, W = Cou;, € = Cgét,
— N\ _ N2 = V = _ Oy
(T’ TO) - COE(T) TO)) T= 2!.1—+AT’ Oij - ;! (19)
_ P m A+ 2u
P = = — 2 = —
2‘[1 + /1: E KO’ CO p

Applying the dimensionless Eq. (19), the main Eqgs. (4)
and (12)-(18) are converted into the following formulations
under the map transformations when omitting the primes
for simplicity:

3 N
[Vz - & — 82_]N +&T =0, (20)
ot
de oP 8T oN , 0%
Vau+B2-1)— -B]— + — + —|=B>—, (2
w+ (B =Dy ox | ox  ox o @Y
de oP 9T oN 62
Viw+ (B -1)— -Bj— + — + —-, (22
w+ (B - Dy, [az oz " ar) B @
. ) aZ
V2T + &N + Y + ry S |(T + &ge) = (23)
de aT d%
VP = g— + = (24)
T TR YRR PV
ou A 5
0o =228 + Lo~ BYT + P - N), 25)
ox U
ow A
;= 2— + —e—- BT +P-N 26
oz " u ( ), (26)
ow ou
= — + —, 27
%= ox T Bz @

In the above equations, the main coefficients are

b= 1 6 = 1 & = k6,
T DeEC’ DggCs’ DpCyyg?’
&4 = D , &= _bwaw’ & = _P_W’
A+2u pé P
B2 = M—Zu’ & = VEg ,
u ™mé,
R
57 m@+ 2w ox?  o0z%
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When we apply the differentiation properties to the
solutions of Egs. (15) and (16), we obtain

[VZ_a_z

ot? 28)

e-V¥P+T+N)=0.

3 Solution to the problem

In semiconductor and materials science, normal mode ana-
lysis is often applied to study wave propagation, thermal
distributions, and elastic responses, particularly when the
medium is subjected to various physical fields like thermal,
magnetic, or mechanical influences. By analyzing the normal
modes, researchers can derive important information about
the system’s natural frequencies, damping characteristics,
and response to external excitations, which is crucial for
designing and optimizing materials for specific engineering
applications. To get a solution for the physical variables pre-
viously mentioned, we apply the following normal mode
analysis [33,38]:

[N,e,P, T, gjl(x,y, 1) = [N*,e", P*, T", 0] (x) exp(wt

+ ibz),

(29

where w is the complex time constant, b represents the
wave number in the z-direction, and the quantities
(N*, e*, P*, T", oi}f) (x) are the amplitude of the main phy-
sical fields. The following equations are obtained in
coupled form by using the solutions provided by Eq.
(29) in Eqgs. (20), (23), (24), (28), (25), and (26) according
to mapped temperature as follows:
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where% =Dy =b+eg+twe G=b*+wia=Dbh+w
+ Tow?, ay = U, A5 = W(Ey + WEG), Ag = WEs.

The following sixth-order differential equation is
obtained by solving these coupled Egs. (30)-(33)

(DS — E;D* + E;D% - E)IN*, T", e*, P*}(x) = 0.  (36)
where

Ei=m+a+ a3+ ds— ay (37

Ey= Ay + Ay + ap(ay + a3) — ag(ay + b?) + aues,  (38)

E3 = A, + As + azb?(s - ), (39)

A = a3 - &8, Ay = as( + a3) + au0. (40)

Eq. (36) can be put in the following factorization form:
(D? - K)(D? - k)(D* = k}{N™, T", e*, P}(x) = 0. (41)

The roots k,f(n =1, 2, 3)ofEq. (41 can be chosen in real-
positive values. Using radiation conditions (N*, e*, P*, T*, g7)
(x) —» 0 when x — o, the solution of Eq. (36) can be rewritten
in linear form as follows:

3
(N7, e, Y00 = Y Mufl, @', b, e,

n=1

(42)

K = (a1 + az)ki + Ay w_ —Oskn + AgkZ - As
ald-a) 7N akd - )k - b))’

and the expressions M, (n=1, 2, 3) are defined as
unknown parameters that can be obtained from boundary
conditions.

After using the normal mode approach, the horizontal
and vertical displacement components can be decreased in
the following manner, using Eqgs. (21) and (22).

=&
where a, = kz—sal’ b, =
n

(Dz - a@)N™ + & T = 0, (30) 3
*(x) = T(b, w)e™ + ZLR"
(D - e’ - (D> - b)(I" + P+ Ny =0, () WO TERWETT 2 G
(D2 - ag)T* + &N + aqe* =0, (32) 2 ask,;l - Azk,% + Az &
k2 _ kZ _ bZ k2 _ -1 (43)
D - B)P* - ase’ - agT" = 0, (33) Gl — @)l =00 Fama )|
A v (1-BY) ki = (an + ag)ki + A
O = 2DU" + i BYT" + P - N"), (34) ay(k? - @)
R A -
a,, = 2ibw* + ;e* - BXT" +P* - N"), (35)
e-a—u+6—w=>e*-Du*+ibw*=>W*-L(Du*—e*)
T ox oz B )
f_aski = Ak} + Ay & _ 1] “
i, 3 Mk | - w8 ko . 4y
b ni (ki = 12) e ki = (a+ ak? + A1) ba(ki- 1)
ay(ky = @) k?
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The expressions of mechanical stresses components
can be rewritten as

BY1 -
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ask, = Agky + As &

—_— 7

ay(kZ - a)(kZ - b2 ki-a

3 2 4 2 2_12
2Myk, k, - + wky + A Aks -1
(X)) = =2ITe™ + 3 =04 = (@ 2a3) n B2 -1) - My~ 1) 5 )] ek, (45)
g =19 ayk; - @) 2k
Bk - )| asky - Ak + Ag .
Zkr% a4(k,f - al)(kr% - b kr% st
9 ask, = Agky + As &
a4(kr% - al)(k;% - b%) kr% -
0,,(x) = PPTe™ + % b foi = (@ + gk + 4 B? - Ak~ 1) - 1] et (46)
¢ nm (ki = 1) ay(k; - @) 2bu ’
_Bz(kr% - 12) (15’(,‘1l - Azk,% + Az + &3
by ay(ky = a)(ki = b ki - @

where 2 = b? + B%w? and T(b, w) expresses an unknown
parameter.

4 Boundary conditions

The following boundary THM plasma conditions (which
are applied on the poro-semiconductor surface at x = 0)
are used to evaluate the constants M,(n =1, 2, 3) and
I'(b, w) [56,57]:

(1) The half-space surface is subjected to a thermal shock
that varies with time. The fact that the intensity of a
thermal shock for mapped temperature wave changes
and weakens over time must be taken into account:

7(0, z, t) = Tye™V exp(wt + ibz). 47

By removing the decaying parameter v, the
resulting waveform would be a constant-amplitude
thermal shock waveform. This exponential decay func-
tion was chosen to represent a heat source that
diminishes progressively over time, capturing the nat-
ural attenuation of heat in many physical systems. The
sensitivity of the results to this decay function is sig-
nificant, as the decay rate v directly influences the
attenuation speed of thermal waves and, consequently,

the distributions of temperature, carrier density, and
mechanical stresses.

(2) The following condition may be used for the excess
pore water pressure, which can be chosen freely on
the free surface:

P(0,z,t) = 0. (48)

(3) Due to the thermal shock that varies with time and the

diffusion process inside the poro-semiconductor, the

carrier density can reach the hydro-semiconductor

boundary before recombination. In this case, the car-

rier density according to the equilibrium carrier con-
centration N, can be expressed as follows:

N(0,z,¢t) = Np. (49)
(4) On the outer surface of the hydro-semiconductor

medium, the mechanical boundary condition can be
taken during the loaded force with constant value Q; as

(50)

By employing the conventional mode approach to Egs.
(41)-(44), the subsequent set of equations was identified

0x(0, 2, t) = Q(z, t) = Q] exp(wt + ibz).

3

> My(b, 0) = Toe™, (51)
n=1
3 4 2
—-ask, + Ak - A
Z 52n 2 n2 ;’ M, =0, (52)
n=1 a4(kn - al)(kn -b )
3
&
-) ——M, =N, (53)
nzl i-a
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(151(;1l - Azk,% + Az &
BY1- 2 2 N 1,2
a4(kn - al)(kn -b ) kn -
3 2 4 2 2 _ 12
2k k, - + a)k; + A Ak: -1
2T+ Y My +[ n = (@ * Gk, 1][(32—1)— M~ 1) )] - -g. 54)
1 k=19 ay(ky — o) 2k;ju
_Bz(k,% - 12) _ ask,;l - Azk,% + A &
Zkr% a4(k,f - al)(kr% - b% kr% -

After solving the above system of Egs. (51)-(54) using
the matrix inverse procedure, the unknown constants
My(n=1, 2, 3) and I' can be obtained [58]. From Egs.
(6) and (7), the gradient temperature according to normal
mode analysis can be rewritten in the following form:

1 =

T* = —[J1+ 28T - 1].

K (55)

5 Numerical results and discussion

PSi can be treated as a hydro-porous semiconducting
medium, with the corresponding constant values listed in
Table 1. The MATLAB program is used with numerical
simulations to achieve the analytical and numerical solu-
tions that were obtained. Table 1 shows the physical con-
stants for PSi material, which are measured in SI units
according to previous studies [38-44].

Figure 1 shows the effect of the decaying heat para-
meter on the wave propagation distributions of
temperature, carrier density, horizontal and vertical
displacements, mechanical stress, and excess pore water
pressure in a poroelastic semiconductor medium. All com-
putational results were analyzed within the framework of

Table 1: Physical constants of PSi medium

photo-thermoelasticity theory, incorporating variable
thermal conductivity. The numerical results reveal signifi-
cant insights into the coupled behavior of these physical
quantities under the influence of thermal decay. According
to the temperature distribution, the decaying heat
parameter was found to directly affect the temperature
distribution within the medium and satisfy the boundary
condition. As the decaying heat parameter increases, the
temperature gradient becomes steeper near the heat
source, resulting in a faster diffusion of thermal energy.
This leads to a more rapid attenuation of the temperature
wave as it propagates through the medium [59]. Further-
more, the incorporation of variable thermal conductivity
enhances the complexity of the temperature field, making
the heat dissipation rate highly sensitive to spatial varia-
tions in conductivity, which appears in Figure 2. On the
other hand, the carrier density, which governs the semi-
conductor’s electrical properties, is influenced by the
thermal field due to the thermo-electric coupling. The
numerical results show that an increase in the decaying
heat parameter leads (Figure 1) to a more localized carrier
density distribution. As the heat dissipates more rapidly
with a higher decaying parameter, the thermal excitation
of carriers reduces in the outer regions, causing a decrease
in the spread of carriers from the heat source. This is

Unit Symbol Value Unit Symbol Value
N/m? 3.64 x 1010 N p 100

u 5.46 x 1010
kg/m® Ps 2.3 x 103 1/cm® No 9.65 x 10°
K T 800 kg/m? Pw 103
s T 5x 107 m/s ka 1078
m’ dy -9 x107% Jkg K Cw 4 x 103
m?/s Dg 2.5 %1078 °ct Ay 2x 10™
ev E, 111 J/kg K G 6 x 102
K1 as 414 x 1076 Jlkg K Ce 695
Wm™IK! K 150 S T 0.0002
kg/m? p 2,000 Q=05 61 = 300K ng = 0.4
W= wy+ i Wy = —2 £=0.001 i=+-1 t=10.02s b=1
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Figure 1: The main physical distributions against the horizontal distance for different distinct values of decaying parameter v under the effect of LS

model at the variable thermal conductivity K; = —0.02.

further modulated by the variable thermal conductivity
(Figure 2), which introduces spatial variations in the car-
rier distribution. But, the mechanical displacements in
both horizontal and vertical directions exhibit strong
dependence on the thermal field (decaying heat source).
With an increase in the decaying heat parameter, the

thermal strain resulting from the temperature field
decreases, leading to reduced magnitudes of both hori-
zontal and vertical displacements. This reduction is more
pronounced in regions farther from the heat source. The
effect of variable thermal conductivity (Figure 2) also plays
a critical role, as regions with higher conductivity exhibit
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Figure 2: Variation in the main physical distributions against the horizontal distance under the effect of different values of variable thermal
conductivity according to the Lord and Shulman (LS) model when the decaying parameter v = 0.2.

more rapid changes in displacement profiles, indicating
stronger localized thermal expansion and contraction. On
the other side, the mechanical stress distribution is sensi-
tive to the combined effects of the thermal and elastic
fields. As the decaying heat parameter increases, the thermal
stress generated within the medium decreases due to
reduced thermal gradients. Numerical simulations show
that the stress concentration near the heat source is alle-
viated, leading to a smoother stress distribution throughout

the medium. The variable thermal conductivity further
alters the stress profile, with areas of higher conductivity
showing more pronounced stress relaxation. Finally, in the
poroelastic semiconductor medium, excess pore water pres-
sure is influenced by the thermal expansion of the solid
matrix and the movement of fluid within the pores. The
decaying heat parameter significantly impacts the rate of
fluid diffusion. Higher decaying heat parameters result in
lower thermal-induced expansion, thereby reducing the
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excess pore water pressure generated. The effect of variable
thermal conductivity amplifies this behavior, with regions
of higher conductivity exhibiting faster dissipation of pore
water pressure. In general, the decaying heat parameter
plays a crucial role in controlling the wave propagation of
various physical fields in the poroelastic semiconductor
medium. The interplay between thermal decay and variable
thermal conductivity leads to non-uniform distributions of
temperature, carrier density, mechanical displacements,
stress, and pore water pressure, highlighting the complex
thermo-mechanical-electrical coupling in such systems. In
this study, we have explored the effects of varying the
decaying heat parameter on the thermal, mechanical,
and electronic properties of the semiconductor material.
Our analysis reveals that as the decaying heat parameter
increases, the thermal effects become more localized. This
localization is quantified by the sharper temperature gra-
dients observed near the heat source, resulting in a con-
fined region of high thermal activity. The temperature
distribution narrows, leading to an increased concentra-
tion of thermal effects within a smaller spatial region.
This localization also has significant implications for other
physical quantities. The carrier density, which is strongly
influenced by temperature variations, exhibits pronounced
spatial variation as thermal excitation is more concentrated.
As the heat becomes more localized, the carrier density
response becomes more non-uniform, with higher concen-
trations near the thermal source. Similarly, the induced
thermal stress becomes more localized, with greater concen-
trations near the region of intense temperature variation.
These localized stresses can lead to mechanical deformation
or potential failure in certain regions of the semiconductor.
Furthermore, the localization of thermal effects impacts the
propagation of optical and acoustic waves, as the refractive
index and acoustic velocity are both temperature-depen-
dent. The confinement of thermal disturbances results in
increased attenuation or scattering of waves within the loca-
lized region, altering wave behavior in the material. Thus,
the enhanced localization of thermal effects, driven by the
decaying heat parameter, not only changes the thermal and
stress distributions but also modifies the electronic and
wave propagation characteristics of the semiconductor
material. Variable thermal conductivity significantly affects
wave speed, attenuation, and field coupling. It causes non-
uniform wave speeds as higher conductivity regions allow
for faster propagation of thermal and mechanical distur-
bances, while lower conductivity areas slow wave speeds
due to thermal gradients. Attenuation increases in regions
with lower conductivity, as localized thermal gradients and
stresses enhance wave scattering and energy dissipation.
Furthermore, variable conductivity affects the coupling

Temperature-dependent thermal conductivity in photo-hydro semiconductor media
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between thermal, mechanical, and electromagnetic fields
by inducing differential thermal expansion in areas with
lower conductivity, leading to stronger thermal-mechan-
ical coupling. Additionally, changes in conductivity can
alter material properties like refractive index, modifying
the coupling between thermal and electromagnetic fields,
especially in regions with poor heat conduction.

6 Comparisons

Table 2 presents a comparative analysis of our model with
the prior analytical studies by Lotfy et al. [29] and Youssef
and El-Bary [32], highlighting the key differences and
advancements introduced in our work. Unlike previous
models that assumed constant thermal conductivity and
either ignored or simplified the heat source, our approach
incorporates a temperature-dependent thermal conduc-
tivity and a decaying heat source, providing a more com-
prehensive representation of thermoelastic and plasma
interactions in semiconductor media. The table illustrates
how these enhancements significantly influence the tem-
perature, stress, and carrier distributions, addressing the
limitations of earlier studies. Additionally, the validation of
our model is demonstrated by its alignment with prior
analytical results when the new parameters are omitted,
reinforcing the accuracy and applicability of the proposed
technique.

This comparison highlights the advancements in our
model and validates its accuracy by showing that our
results align with prior studies when the new parameters
are excluded.

7 Conclusion

The study highlights the critical role of the decaying heat
parameter and variable thermal conductivity on wave
propagation phenomena in a poroelastic semiconductor
medium, analyzed within the framework of photo-thermo-
elasticity theory. The decaying heat parameter significantly
influences the attenuation and diffusion of thermal waves,
thereby impacting the coupled fields of temperature, car-
rier density, displacements, mechanical stress, and excess
pore water pressure. As the decaying heat parameter
increases, thermal effects become more localized, leading
to reduced mechanical strain, stress, and fluid movement.
Furthermore, the inclusion of variable thermal conduc-
tivity adds complexity to the wave propagation process,
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Table 2: Compare current results with previous ones

DE GRUYTER

Aspect

Our model

Yasein et al. [36]

Youssef et al. [32]

Heat conduction
equation

Coupling effects
considered

Mathematical
approach

Boundary conditions

Thermal decay
representation
Physical quantities
analyzed
Numerical
implementation
Impact of variable
conductivity

Key contribution

Modified to include variable thermal
conductivity: K(T) = Ko(1 + KT) and
decaying heat source terms
THM-plasma coupling with temperature-
dependent properties

Utilized normal mode analysis combined
with map transformations for handling
nonlinearity

Included time-dependent thermal shock
and free surface conditions for pore
pressure and carrier density
Exponential decay: T(0, z, t) = Toe ™"

Temperature, stress, displacement, carrier
density, excess pore water pressure
Conducted with MATLAB for solving
coupled differential equations
Demonstrated significant impact on
temperature gradients, stress distribution,
and carrier density profiles

Provided a unified model capturing decay

effects and variable conductivity for hydro-

semiconductor systems

Standard heat conduction with
constant K and no decay effects

Thermo-mechanical coupling only

Applied normal mode analysis with
linear assumptions

Applied constant or ramp-type
thermal boundary conditions

Not considered but thermal
ramp type
Temperature, stress, displacement

Focused on analytical solutions
without detailed numerical analysis
Did not address variable thermal
conductivity effects

Highlighted thermoelastic effects in
semiconductors under constant
conductivity assumptions

Included variable K(T) but without
dynamic heat source or plasma
effects

Thermo-mechanical coupling with
variable K(T) but no plasma or
decaying source

Analytical methods with focus on
steady-state solutions

Focused on steady-state boundary
conditions with no time
dependence

Not considered, but constant
thermal shock

Temperature, stress, displacement

Employed basic numerical methods
for steady-state solutions
Recognized impact on temperature
but lacked plasma interaction
analysis

Showed effects of variable
conductivity in elastic media
without plasma and decay

considerations

introducing spatial variations in thermal dissipation,
mechanical deformation, and carrier distribution. This
combined influence underscores the intricate coupling
between thermal, mechanical, and electrical processes in
poroelastic semiconductor systems, making the decaying
heat parameter and variable thermal conductivity essen-
tial factors in understanding and controlling the behavior
of such media in practical applications. The effect of the
decaying heat parameter and variable thermal conduc-
tivity on wave propagation in poroelastic semiconductor
media has significant applications in advanced technolo-
gies. In general, most sensitive to thermal conductivity:
temperature: strongly dependent on conductivity, stress:
directly tied to temperature gradients, and wave propaga-
tion: sensitive due to changes in material homogeneity. On
the other hand, most sensitive to decaying heat parameter:
carrier density: highly sensitive to the localization of heat,
stress: localized thermal stress is influenced by the rate of
heat decay, and wave propagation: sensitivity increases
with more localized heating. In semiconductor devices,
they are critical for heat management, influencing
temperature, carrier density, and mechanical stress distri-
butions, which impact performance and reliability. In

nano-devices, controlling these parameters reduces thermal-
induced displacements and stress, enhancing precision. In
geothermal and subsurface engineering, they affect excess
pore water pressure and stress propagation, aiding in
resource extraction and infrastructure stability. Additionally,
they optimize thermoelectric energy conversion and improve
laser-based material processing by controlling thermal and
mechanical responses.
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