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Abstract: In this work, a novel model is presented that describes thermal diffusion processes through
non-local semiconductor materials. The material under study is subjected to the influence of a
strong magnetic field, which creates a Hall current. Interference between the excited electrons and
the excited holes of a non-local semiconductor that had been exposed to temperature was present,
and thermal conductivity depending on changes in graduated temperature were accounted for.
The governing equations are written in a dimensionless form in one dimension (1D) where the
thermal conductivity is taken as a function of temperature through electronic and elastic deformation
(ED and ED) processes. Laplace transforms in one dimension with initial conditions were used to
convert partial differential equations to arrive at exact formulas of solutions. To obtain the exact
linear solutions, some boundary conditions taken on the free surface of the non-local semiconductor
were used. Using numerical methods of inverse Laplace transforms, the complete solutions of
the physical quantities under study were obtained. To further understand how various variables
(thermal memory, variable thermal conductivity, and Hall current) affect the non-local semiconductor,
numerical physical fields were simulated, and are graphically depicted, and discussed herein.

Keywords: electrons and holes; Hall current; plasma; thermal conductivity; semiconductor; photoexcitation

MSC: 74A15

1. Introduction

Some materials experience physical changes as a result of temperature changes. Semi-
conductors are among these materials because they exhibit substantial temperature-related
changes in their characteristics, particularly when light beams affect their surface. The
inner and outer atoms lose some electrons as a direct result of the thermal process, and
these excited electrons quickly travel towards the semiconductor surface. Holes are pro-
duced as a result of the loss of electrons, and the holes also move and diffuse. This results
in a change in the material’s resistance because semiconductors’ resistance decreases as
temperature grows, allowing electric current to flow. The thermal conductivity and its
characteristics must be taken into account in this situation and while examining semicon-
ductors because they depend on the temperature gradient. Thermal conductivity is the
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most significant factor that is temperature dependent. However, when semiconductor
materials are exposed to a strong magnetic field, some internal physical changes also take
place. These changes have a significant impact on both the transport of electrons and holes.
The material deforms due to the thermal effect and magnetic field, which is caused by the
vibrations and collisions of the medium’s internal particles. This deformation is known
as thermal (thermoelastic) deformation (TED). Furthermore, electronic deformation (ED
caused by electron and hole transport processes) is brought on by the surface’s absorption
of light (photo) energy and the diffusion and transfer of electrons and holes that follow.
According to the above-mentioned, electrons and holes are neighboring charge carriers
in semiconductor materials. The photothermal (PT) theory occurs in this situation, and
non-local thermoelasticity is taken into consideration. The non-local photo-thermoelasticity
(PTE) theories aid in the analysis of the impact of all semiconductor medium points at the
chosen local point [1].

To study how the material’s physical characteristics change over time, it is essential
to understand how the strong magnetic field acting on non-local semiconductor surfaces
influences the Hall current. The Hall effect was found as a result of the observation that
an electron concentration and position shift happens when a semiconductor is subjected
to a magnetic field that is perpendicular to the direction of current flow [2]. The strength
of the magnetic field surrounding the particles and the current are directly related to the
potential energy between them. The Hall effect is produced as a result of the magnetic field
pressure force, which moves moving-holes and electrons. The Hall effect, which is caused
by the Hall current in semiconductor materials, can be used to analyze sample geometry
and evaluate positive and negative conductivity in a variety of applications, including
mobile chargers.

Numerous thermoelastic models were developed by Biot [3], Lord and Shulman [4],
and Green and Lindsay (GL) [5] in order to derive the physical fields required by the
generalized thermoelasticity theory. These models rely on the influence of temperature
and elastic relaxation durations. These models have demonstrated that waves propagating
within elastic materials have finite velocity, which is consistent with observations and
physics theories. The overlap between the governing equations of the generalized thermoe-
lastic theory (GTE) and the two temperature theory with several applications, has been
used by various researchers to examine a variety of elastic material’s physical characteris-
tics [6-10]. It is possible to apply the photothermal (PT) approach, which describes how
some media’s optical and thermal properties interact, during ED and TE deformations [11].

Because light beams strike semiconductors during the processes of electron/hole
diffusion, in recent years, numerous scientists have examined models that describe the
interference between elastic, thermal, and light waves [12,13]. A new model that describes
the interaction between holes and electrons with the propagation of thermoelastic waves in
semiconductor media was studied by Sharma et al. [14]. For semiconductor sample mass
diffusion and heat transport, the photoacoustic sensitivity analysis is used [15]. Modern
technology uses the photothermal (PT) approach to ascertain the internal physical charac-
teristics of semiconductors during photo-excited transport processes [16]. The relationship
between the PT theory and thermoelastic theory has been researched with several applica-
tions, with consideration of the optical, thermal, and elastic properties of semiconductor
materials [17-20]. When the Hall current influence of semiconductor materials is taken
into account during electromagnetic field and laser pulse excitation procedures the thermal
conductivity is independent of temperature. Lotfy et al. [21] and Mahdy et al. [22] have
investigated numerous issues. When the link between photothermal and thermoelasticity
theories was explored in the works mentioned above [23-28], the influence of interaction
between holes and electrons was disregarded. The linked model of holes and electrons, on
the other hand, does not consider the Hall effect or changeable thermal conductivity. When
examining non-local semiconductors, most previous research has not included the impact
of variable thermal conductivity on the optical characteristics in addition to the impact of
the magnetic field.
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The principal goal of this research is to provide a model that represents the interference
between electrons and holes when the surface of a non-local semiconductor is subjected to
a high magnetic field within the context of several photo-thermoelasticity models. During
optically stimulated diffusion processes in the medium, the Hall current appears because
of the strength of the magnetic field. This article discusses the major findings of this
process during a temperature gradient and variable thermal conductivity. The model is
investigated in a 1D deformation using the optical-thermal-elastic governing equations.
Utilizing the Laplace transform, one can obtain analytical answers from non-dimensional
primary physical fields, such as temperature, strain, mechanical stress, holes charge carrier
field, and plasma intensity distributions. To achieve and determine the complete solutions
in the time domain, numerical approximation is combined with some initial, boundary
conditions, and the inversion of the Laplace technique. Numerous parameter effects are
graphically represented.

2. Governing Equation
The induced magnetic field h; = (0, hp, 0) = (0, h, 0) is produced in accordance with

the original, extremely strong magnetic field H = (0, Hy, 0) that is present on the non-local
semiconductor rod in the y-axis direction. In this case, the induced electric field E; =
(0, 0, E) and the current density J, = (0, 0, J3) are produced in the perpendicular direction

of H as a result of the optical energy absorbed in the context of electronic/thermoelastic
deformations diffusive processes (Figure 1) [29].

y
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Figure 1. Schematic of the problem.

The Hall current is calculated using electromagnetic Ohm’s equation in accordance
with the strength pressure of the external magnetic field as shown below [30-34]:

I, = oo E;i + Hoéijr (uj,t - EHTOEIJ) Hy

F = pogipliHy, (i, j,r=(1=x2=y,3=2z))

)

In a non-local semiconductor material, the displacement tensor is u i = (uy, uy, uz),
Ho expresses the magnetic permeability. On the other side, u;; can be used to represent
the displacement of the primary particle. The electrical conductivity is oy = netze?/m,, e
expresses the electron charge, m, represents the mass of electron, #, expresses the electrons
number density, f¢ is the collision time, and &ijr 18 the permutation. However, the Lorentz
force F; can be used to calculate the pressure force of a magnetic field. The induced electric
field can be disregarded because of the strong magnetic field, i.e., E = 0. The displace-
ment can be taken in the direction of the x-axis, according to electrons and thermoelastic
deformation in one dimension (axial). However, the displacement vector takes the form:
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u; = (ux(x,1),0,0) = (1, 0, 0) and the strain tensor is e = u, = a" Equation (1) can
be used to determine the current density’s component as follows: J; = [y =0, > = J, =0,
but the third component takes the following form (in the direction of z-axis) [20]:

O'O‘M()HO Jou
= = R 2
Js = 1+ m2 (at) @
where m = tzw, is the Hall current parameter and w. = e Ho/m. represents the

electron frequency.
The Lorentz’s force F; = (Fy, 0, 0) can be represented as [35]:

2172
F, = <0'0V0H0> aj (3)

14+m? | ot

In addition to displacement u(x, t), the key fields in this work include the carrier den-
sity N(x, t) (plasma wave), temperature T (x, t) (thermal wave), and the hole charge carrier
field H(x, t). The following governing equations in 1D can be introduced in accordance
with [10] to represent the interference between thermal, elastic, and plasma (electrons and
holes) waves in the absence of body forces and an internal heat source (the effect of variable
thermal conductivity has been added) [10-12]:

(1+ 7o) 3% {KBT} + 1tng 2 a Eres +mh‘7%x€1 — p(ay o +ap 40—
(1+Tq%)[%%—{ + 0 Toan 2 + p Toa, 2L + Tovaiﬂ 4)
_ [%N+ P;l H]
mqn ax2 —|—an ax2 —p(l — a§ Towy + t" at)TN -
a?{%%{—l—p%aha—}g-l— Tofy(%%] = —f+ "GN ©
Mgk + DS — p(1 — all Tow, + £ 3) 41 -
a%f%{ + 0 Toan 2 + Tovaat%} = —%(1 +t" 2 H ©

According to Lorentz’s force, the equation of motion under the influence of Hall
current can be constructed as follows (the effect of a strong magnetic field has been added,
in addition to the non-local parameter) [28]:

p(1 glaxl) (2]""‘)\)872_7(1"'795”) ‘Sn
@)
JH oorgHg \ 9
(Shﬁ - < f+(3n20) 8?

Equation (7) is differentiated relative to component x to produce:

(1_613,(2)87*(2V+A)W_7(1+793t)ax2 (Snaxz

8
5, PH _ oopdHZ \ ae ®)
h sz 1+m2 | ot
The main notations in the above equations are a = aaﬂ, alt = Zon ,ay = @, al =
Q aQ’ n
%h and pTCE = % (the thermal viscosity). When the interaction between electrons and

holes is taken into consideration, the constitutive equation during the 1D deformation
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can be expressed as follows for the non-local semiconductor (g; is the non-local scale
parameter) [28]:

(1 -8V =o'y, } o)
0 x = —(Y(A+ 15T+ 6N+ 6H) + (2u + Ae =

The physical characteristics of non-local semiconductors are impacted by internal
material deformations brought on by temperature increases. The thermal conductivity
is one of the most crucial properties of a material that is impacted by the temperature
differential [27,28]. Thus, it is possible to consider thermal conductivity as a linear function
of temperature (temperature dependent), which can be written as:

K(T) = Ko(1+KyT) (10)

The parameter Ky determines the heat conductivity in the non-local semiconductor
medium when (Ky = 0), and Ky can be regarded as a small non-positive parameter [28].
The relationship between temperature and thermal conductivity, which is described as
follows, is obtained using the map technique [28]:

®= —/K(ﬂ)dﬁ (11)

0 __ oT
Ko =K(T)%E, } 12)

Ko%2 = K(T)%.

Due to the linear characteristics of the medium, neglecting the non-linear factors

results in:
Ko%2 = K(T)SL = dif ferentiating both sides by 2 =

0(39) = & (o1 + K71%) = v
KOKQ{(%;};) +ax2} KoKo 2k
I KID) = 2 (ko(1+ Ko7 20 = K08822+1<01<9B®] ke
K“%S? R o~ 1HKD TR = (KT + (D7 - )% =
O _KeTR + (KpT)’2 — ... =2

Equations (10)—(15) of the fundamental Equations (4)—(7) after applying the above map
transformations result in:

2 2
1+ T03) & [ K092 + mug 38 + myy 25 — (a3 + a3 -
20 oN oH Jd d
(1+ 1 85) |55 + 0 Town 5 + p Towy 5 + TW&&TH (16)

a’l alt
= [pt,}N + Ptth]
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T L9 + DupBY — p(1— o Towy 1" ) 5 - ,
o[ 2R o Tom Yl + Tovg 3| = —fa+eIN "
29 + Dy %l — p(1 — alt Tom, + ¢ a@)aa*
A5 T3 + T = 140 "
p(1-BE) 5 = u+ )35 - 701+ 7 59 - 5,55
24 <”§]ﬁﬁ5> a (19)
The following dimensionless quantities can be introduced as follows for greater ap-
propriateness:
(W, &) = SOl (1, o, 07 1 0 ) = wr (T e, 1,1 H]),
p* = Ez, k= 0= 2:im N' = g’;l%)/ Ct = ZHM Ci=5 (20)

* CC(AJFZV) T 5\ _ (dung,dphp) I 7(©) ! l)n(H)
wh=——r (5”’5h) - T@I’ e 2}!+/\’H 2u+A-

Equation (20), which ignores the dashes in favor of the primary Equations (8) and
(16)—(19) results in:

{0rei G -araidlor{md —wltnd) —wf-—wjN: o
2
{06588? — (1 +Ta%)0€6 — 0(7}H* (1 +Tq%)€1% =0
092 _ na nd ) 411 _
{sz Dégat}®+ {0(96 s — (g0 + ¢ 5 Jaq1 + (1+t ) i }N @)
ap % — a3 3 =0
62 ha _
{axz “l8at}®+ {06143 7 — (215 + 1" at)‘xléat (1+1t"3 )0617}H 23

IN
X195F ‘XZO at =0

92 282 92 M d 0.0°0 9°N 9?H
(axz_[(1_5189@)6152+(1+m2>atD€_(1+T98t)ax2_E)xZ_ax2 @)

o= <e—((1+79§t)® +N)>—H (25)

* 2 172
In this case, M = %fﬁo, which stands for the Hartmann number, can be used to
determine the magnetic pressure number’s strength. Other coefficients include:

_ Mngt _ Toan — ﬂ _ u?f'y Vg ho To oy, Ko hg
M= 7K C T M T o) Y5 T Ky Y6 = e
h * n n *
_ ayw _ Ky __ Dupay _ ;Ko _ ayyhoapw
a7 = thKo F8 = Mgn X9 = mqnd s &10 = 1 ﬂzT()an,Déll - Man dnce/“12 - Tgn ’
a2 Tow* D,h how™ how h
K13 = 72}0%” S04 = C2” oY y015 =1 — azTot’én,l’éle = 'quh X7 = ;q} {1/“18 2nT1
h * 2 * 2, %
_ 7 Toan 2u+A)w _ 37 Thw _ TY’w
t19 = Mg),0n 020 = Mgy 81 = "ok,
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When the medium is homogenous at time ¢t = 0.0, the following initial conditions are
posited and can be expressed as follows:

de(x,t
e(x, 1)],_g = 24t

_ _ dT(x,t) _
=0, T(x,t)|,_n= =0,
|, (D)o = 57|

JH(x,t
H(x, )|, = 2520

(26)

ON(x,
=0, N(x,1)],_g = Dxt

’t:O ‘t:O B

3. Analytical Solution Procedure

It is possible to use the Laplace transform approach with parameter s for the governing
equations, which can be written as follows for function N(x, ) [30]:

L(N(x, t)) = / N(x, t)e tdt (27)
0

Utilizing the initial conditions for the principal system (21)-(25) and the Laplace
transform equation (27) results in:

(q1 D? - qz)@ + (ochz — q3)N + <a5D2 — q4)ﬁ —g5e=0 (28)
(D2 - q7)@+ (ochz — q6)ﬁ —qsH —qgoe =0 (29)

(Dz - 410)@ + (“14[)2 - 6]11)H —q12N —q13¢ =0 (30)
(D2 - Y)E — g14D?® — 41 D*N — a4y D*H = 0 (31)
c=(—-((14s15%)® +N))—H (32)

R
D = %, qn = (14—79%), Ry = s2 +Sl+m2’Y = ﬁ, g2 = (1+Tq%)sl gy =
1
1+ Tq%)ﬂ% +ay, qua = %, gs = (042(1 +Tq§) +0€3% +0€4), g6 = (w10 +t"s)aqy —
(1+t"s) %, a = @ qia = 14+ 195, g9 = 135,410 = 185, 45 = (1 +145)e1s,q7 =

(s s, s = Q128,412 = (195,13 = (208, 11 = (@15 + 1"5)a168 — (1 + 1)z
Using the elimination approach in terms of ©, ¢, N and H, the resultant system of the
governing Equations (28)—(31) is solved to provide the equation shown below:

HD6 HD4 HD2+H{HW@} s)=0 (33)

Equation (33) can be factored as follows (the main coefficients of equation (33) can be
obtained in the Appendix A):

(D —m3)(D? = m3) (D? —nd) (D?—m}){®,2 N, H}(x,5) = 0 (34)

where m2, m3, m3, and m7 are the real-roots of the above characteristic (34) at x — oo.
The following format can be used to express the linear solutions for physical fields in the

Laplace domain:

O(x,s) = ) Bi(s)e ¥ (35)
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N(x,s) = Y Blils)e ™% = ) HyBy(s)e " (36)
i=1 i=1
4 4
2(x,s) = Y B (s) exp(—mx) = ) Hy Bi(s) exp(—mjx) )
i=1 i=1
o 4
H(x,5) = ) B"(s) exp(—m;x) = ) | H;Bi(s) exp(—m;x) (38)
i=1 i=1
— 4 //// 4
7 (x,5) = Y (B"(s) ) exp(—mx) = Y (Hyi Bi(s) ) exp(—m;x) (39)
i=1 i=1
where, the principal coefficients of the above equations are:
H ) B (X14m?+C7m?+C8mlz+C9
1 = “9“14m?+c4m?+csm,z+cé’
H — clgm?—&-cnm?—kcum?
2i — 0690614m146+C4m?+C5m12+C6’ (40)
H . _ ngm?+C1m?+sz%+C3
3= agaygm®+cymt+csm?+cg’

Hy; = (Hai — ((1+s19)Hy; +1) — H).

4. Applications (Thermal Ramp Type)

To establish the value of the undetermined parameters, the thermal ramp type, me-
chanical, and plasma conditions are applied to the free surface of the medium at x = 0.
However, the following format might be used to express the conditions [31].

(I)  The ramp type heating is where the thermal boundary is taken from x = 0 with
thermal load T as [27,28]:

0 t<0
0(0,t) = % 0<t<t (41)
t >ty
in this case,
4 - 1 _ e*Sto
Y Bi(s) = 7o) =) @)
1 tos

(Il) The mechanical condition at the free surface x = 0 can be obtained with loaded force

P as:

(0,s) =P
3 Hy;Bi(s) = P #3)
=

1

(IT) When the carrier density spreads throughout the recombination processes and the
medium is exhausted with mass and heat transmission, the plasma condition can be
applied at the surface x = 0. However, this condition can be expressed as follows
under the influence of the Laplace transform:

Kgi’lo (44)
= D,
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(IV) During the optical-excitation processes at the surface x = 0, the recombination diffu-
sion for the holes charge field also occurs, which, in the equilibrium situation, can be
expressed under the Laplace transform as follows:

H(O, S) = ho

i Hz;Bi(s) = ho (45)
i=1

where 7% is a chosen (positive) parameter.

5. Inversion Processes of the Laplace Transforms

To obtain the complete solutions in the time domain, the Riemann-sum approximation
is numerically applied, and the inversion of the Laplace transform is employed for the key
fields. According to its integral form, the Laplace transform inversion of a function Z(x, s)
can be expressed as follows [31]:

_ n+ico _

Z(x, V') =L YZ(x,5)} = L/ exp(st')Z(x, s)ds (46)
2711 Jn—ico

Equation (50) can, however, be rewritten as follows:

Zix, t') = %Ax exp(ipt)Z(x, n +iB)dp (47)

When applied to the interval [0, 2¢'] for the function Z(x, s), the Fourier series expan-
sion results in:

nt

Z(x, t') = 67

ik

N
ST(x, m)+ ReY Txm+ S (1) (48)

2 k=1

where i = v/—1, n € R (real numbers), N chosen freely, and the symbol Re expresses the
real part and the notation nt'~ 4.7 approximately [31].

On the other hand, the temperature distribution can be determined from the tempera-
ture plotted using the following relation, which assumes linearity:

Ky

T
1 K 1.2 1
©= f/Ko(1+K9T)dT =T+ =20
0-
0

(T+ K:) T 2K, (49)

2 2

The temperature distribution in this instance can be calculated in terms of ® as follows:

1 1 p
T— o [ViFIe 1] 2T L[ \/1+ 260 1] (50)

6. Validation
6.1. The Non-Local Photo-Thermoelasticity Models

During various comparisons with earlier investigations, the whole solutions are vali-
dated. The various thermal and elastic relaxation durations can be used to categorize the
photo-thermoelasticity hypotheses. The following models fit within these categories [3-5]:

(1) When 0 < 19 < 74, expresses the dual phase lag DPL model.
(2) When 19 =0, 0 < 15, expresses the Lord and Shulman (LS) model.
(3) When 1y = 1; = 0.0, expresses the coupled thermoelasticity (CT) model.
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6.2. Effect of Strong Magnetic Field

When Hj = 0, the photo-thermoelasticity theory with holes and electrons interaction
is obtained with variable thermal conductivity while disregarding the Hall current impact
and Hartmann number [32].

6.3. The Non-Local Semiconductor Medium

When the effects of the non-local scale parameter are disregarded (¢; = 0.0), the
photo-thermoelasticity theories are obtained under the influence of the Hall current and
variable thermal conductivity when the electron/hole interaction is considered.

6.4. The Non-Local Magneto-Photo-Thermoelasticity Theory with Variable Thermal Conductivity

The generalized photo-thermoelasticity theory under the influence of a strong mag-
netic field with variable thermal conductivity is examined when the holes carrier charge
field (holes carrier density) is vanishing, that is, H = 0. However, only these equations
remain from the governing equations [33,34]:

2 2
{(1+T9%)aa? — (1 +Tq%)%}@+ {0(1887 —062(1 +Tq%) —063% —064}N } 51)

= (1+ Tq%)sl%

o2 *8ar ox2 ot ot 13 5%
92 5 92 92 M d 0.0%0 92N
(axz_ [<1‘§1w>w+ <1+m2)at]> —A+wg)oe — o O

6.5. The Impact of Thermal Conductivity

The problem is examined within the framework of the generalized non-local photo-
thermoelasticity theory with Hall current influence when the thermal conductivity of the
medium is independent of temperature, as it is in this instance for K = Ky and Ky = 0. The
system of equations in this instance is simplified as follows [36]:

P 3 9 3 3 P
{ }®+{0c9 — (o + " Dagy + 1+ )”‘“}N )

2
((1 + )y — (1+ rf,at%)TJr (leaa? — (14 12) —azd — a4)N+
54
(52— (1 +md)as—ar)H=(1+7,5)e: % &4
e 9 2
Frel T+ qaogs — (w10 + 1" 5 )arn + (1 + 1" 5) B N—
{axz } { a 2 ot £ } (55)
ap % — 3% =0
92 02 hd
a1s s b T+ S asy — (g5 + 1 )6 + (1+ 115 gy H—
{8x2 at} { x? ot ot ot } (56)
w19 — a0 =0

0? , 0% 92 M \ 9 0.0°T 9*N 9’H
(axz - {“ “Ggalmt <1+m2)8t}>e_ %552 ~ a2 ~ a2 =0 )
7. Numerical Results and Discussions

This section investigates wave propagation in the semiconductor medium by nu-
merically simulating (as a result of using Matlab 2020, a rapid Fourier transform-based
numerical inversion of the Laplace transform (NILT) approach is used [36]) the primary
physical fields (temperature, stress, holes charge carrier field, and plasma (carrier density)
distributions). For the simulation, silicon (5i) material’s physical constants are employed.
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The following parameters are utilized in SI units and are listed in Table 1 in order to carry
out the numerical simulations and discussion [37-41]:

Table 1. The physical input parameters of Si medium in SI units.

Unit Symbol Value Unit Symbol Value
Nm2 ;‘ 2:‘; i 1813 m3 dy —9x 1073
kgm™3 0 2330 sec (s) T0 0.00005

K To 800 v.K! Man 1.4 x 107

sec (s) T 5x 1075 V.K! Mg 1.4 x 1075
K1 ay 4.14 x 107° VK1 Mg —0.004 x 10~°
W-m~1.K! k 150 VK Mg —0.004 x 107°

Jkg LK Ce 695 m?.s7! D, 0.35 x 1072
Col2-Cl ' em s o 9.36 x 10° m2.s~1 Dy, 0.125 x 1072

m-s—1 s 2 m3 o 1020
x 2 m?.s~1 . 1x1072

m~3 ho 10%0 m?.s~1 ap 5x 1073

m2.s~1 D. 25x 1073 H-m™! 1o 471 x 1077

7.1. The Photo-Thermoelasticity Models

The variations of the important physical fields (thermal waves (thermal temperature),
normal stress (mechanical waves), holes charge carrier field, and plasma waves (carrier
density)) against the axial distance are numerically calculated and graphed in three groups
based on the input parameters of silicon suggested above (Figures 2-5). Dimensionless
quantities are used in all calculations with a small time t = 0.0001 in the non-local case
when ¢ = 0.50 [42,43]. Figure 2 (first group) displays the linked photo-thermoelasticity
models for the various relaxation times when the Hall current influence is present and the
non-local semiconductor medium is temperature dependent (at Ky = —0.4) [34,36,37]. The
first subfigure shows how dimensionless thermal waves that begin at the free surface at
zero point and meet the thermal boundary condition (ramp type heating) propagate against
distance. Due to the absorbed optical energy and Hall current action (strong magnetic field),
the thermal waves grow dramatically as they go closer to the outer surface until they reach
their peak maximum point. The spread of the thermal waves decreases exponentially as
the influence of the absorbed light energy and the strong magnetic field inside the material
decreases, reaching its minimal value and approaching the zero line before dissipating
with increasing distance. The second sub-figure displays the differences in mechanical
waves’ (normal stress) distribution versus distance using photo-thermoelasticity models,
the distribution of the mechanical waves beginning at the surface, and the negative value
that satisfies the mechanical load condition. The distribution initially decreases within the
material for a very short distance before it slowly over time rises away from the surface
until it approaches the maximum value before it converges to the zero line as a result of
the effects of the absorbed optical energy and the effect of the strong magnetic field (state
of equilibrium). The hole carrier charge distributions begin with a positive value at the
surface and quickly increase in accordance with the recombination processes to reach the
maximum value due to the Hall current impact and thermal effect of the optical energy (the
third subfigure). The hole charge carrier distribution starts to steadily decrease away from
the surface in the shape of an exponential wave until it reaches the region of stability close
to the zero line. According to several photo-thermoelasticity models, the carrier density
(plasma waves) against axial distance is depicted in the fourth subfigure. The plasma waves
begin with a positive value and develop gradually until they reach their maximum values
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during the recombination processes, absorbed optical energy, and a strong magnetic field
on the outer surface. On the other hand, as the plasma wave approaches the zero line, it
gradually starts to decrease, fleeing from the surface and propagating as an exponential
wave. It is evident from Figure 2 that the different relaxation times lead to different wave
propagation behavior for the fundamental quantities under study. Taking into account the
increase in relaxation times, the DPL model is more realistic compared to the other models,
is physically acceptable, and is consistent with the experimental results implemented
by Xiao et al. [44]. The thermal wave and plasma wave behavior are compatible with
those of the experiments specified in the subfigures of temperature and carrier density
distribution [45].

2.5 . . 0.4 : :
__:" CT Model ._.f"".‘_. —— CT Model
H — — — - LS Model 0.2 i = — — — -LS Model |
2LF T | e DPL Model | 4 :-' 2 DPL Model
— n
= 2
(<5}
= 2
- —
3 £
= 5
> =
B
_0.5 1 1
(0] 2 4 6
x x
2 — . : .
CT Model CT Model
1811 3 — — — -LS Model | — — — -LS Model | |
’\':: ............. DPL Model | | "<z \z e DPL Model
E 2 0.1 4
— S——
—
< >
S ‘= o.08} ]
Y =
[«5}
= =
s 5 0.06 |
= E
S <
o= O 0.04 |
0.02 .
0
0 2 4 6
x X

Figure 2. According to photo-thermoelasticity models with varying thermal conductivity under the
influence of Hall current, the principal non-local physical distributions change with distance.
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Figure 3. According to the DPL model, the three examples of variable thermal conductivity show a
variance in the non-local physical field distributions as a function of axial distance.

7.2. The Effect of Variable Thermal Conductivity

When the thermal conductivity of the non-local semiconductor medium relies on
temperature, the principal physical fields” variations versus axial distance are shown in the
second group (Figure 3). According to the DPL model, the computations are performed
when t = 0.0001 under the effect of Hall current in the non-local case when ¢; = 0.50.
Three cases that depend on the value of Ky (in the range —1073 < Ky < 1072 for the
non-local semiconductor medium) are explored when K(T) = K(1 + K¢T) [37]. The first
case is when Ky = 0, or when K = K, refers to the medium in a temperature-independent
situation [39-41]. However, the other two cases Ky = —0.2 and Ky = —0.4 describe the
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case in which the thermal conductivity of the medium is temperature-dependent. The

amplitudes of the thermal wave, mechanical wave, hole charge carrier field, and plasma
wave all rise with rising values of Ky, according to various values of Kj.
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P, H 3 g -06 T
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or e i
12§ .
_05 L 1 _1 4 1 |
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X X
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Figure 4. The DPL model’s change of non-local physical fields along with changing thermal conduc-
tivity in the absence and presence of Hall current.
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Figure 5. According to the DPL model, the 3D main field distributions change with distance and time
when variable thermal conductivity and Hall current are at play.

7.3. The Impact of Hall Current

The third group (Figure 4) shows how the Hall current, which is connected to a strong
magnetic field, affects physical fields and distributions as axial distance x increases. When
the non-local semiconductor medium (§; = 0.50) depends on temperature (Ky = —0.4), all
numerical computations are performed for short periods of time in accordance with the
DPL model. When the impact of the strong magnetic field is disregarded, the impact of the
Hall current is also disregarded in the first example (the Hartmann number is removed).
The influence of the Hall current brought on by the presence of the magnetic field is
explored in the second scenario. As demonstrated by this group’s research, the interior
particles of semiconductors are rearranged by the strong magnetic field (Hall current), and

this is evident in all physical quantity distributions, particularly the hole charge carrier
distribution [38-43].
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7.4. The 3D Graph

Figure 5 shows three-dimensional (3D) graphs under the impact of varying thermal
conductivity and a high magnetic field, and with the Hall current effect according to the DPL
model for Si media. This diagram examines the variations in the wave distribution of basic
physical parameters in relation to changes in both time and distance. The dimensionless
time interval 0 < t < 4 x 10~* can be obtained when, regarding this figure, time variation
affects the propagation of waves in all boundary-constrained physical domains. The size of
the wave propagations in all physical domains is, however, influenced by the axial distance
and time scale disparities. As distance and time increase, all wave propagation vanishes
and moves closer to the zero line, as predicted by the steady-state.

8. Conclusions

In this work, the interaction between electrons and holes is considered, and a novel
model for the coupling of the thermoelastic and plasma waves in 1D deformation of non-
local semiconductor medium is examined. The effect of a magnetic field, which occurs
along with the effect of Hall current when the medium is temperature-dependent, was stud-
ied in relation to the novel model. Due to the intricacy of the concept, only a small number
of reviews of the literature for this model have been published where the coupling between
holes and electrons, Hall current effect, and changing thermal conductivity are taken into
account. Fourier’s law and diffusion typically provide an easier and better description in
engineering applications, but if the relaxation and process times are comparable, it would
be desirable to take both diffusion and relaxation into account by using constitutive models
that include both thermal conductivity and relaxation time. The analysis of this model
makes it abundantly evident that the Hall current effect, the changing in thermal conduc-
tivity, space-time, and variations in thermal relaxation times all significantly impact how
waves propagate for all physical fields in the non-local semiconductor medium. In fact, the
physical characteristics of some materials, particularly non-local semiconducting materials,
can alter due to variations in the magnetic field and thermal conductivity. When studying
elastic non-local semiconductor media, particularly the Hall sensor, Hall potentiometer,
and electronics technology, the studies of Hall current and variable thermal conductivity
can be quite helpful to scientists.
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Nomenclature (The Physical Quantities with Units)

Ay Elastic Lame’s Parameters

0p = (BA+2u)d, Deformation potential difference between conduction and valence band
dy Electronic deformation coefficient ED

Ty Reference temperature in its natural state

v = (3A+2u)a;  Volume thermal expansion
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0ij Stress tensor

o Density of the sample

o Linear thermal expansion

no Equilibrium carrier concentration

Ce Specific heat at constant strain

K Thermal conductivity of the semiconductor medium
#n, h Electrons and holes relaxation times

t Lifetime of photogenerated carriers

Eg Energy gap

ejj Components of the strain tensor

Mng, Man, Mg, Mah
aQn/ th/ aQ/ an, ah

Peltier-Seebeck-Dufour-Soret-like constants
Flux-like constants

T9, Ty Thermal and elastic relaxation times
Xy, Ky Holes and electrons thermo-diffusive parameters
ho Equilibrium holes concentration

oy = (2]/1 +3/\)dh
dy

s

Dnl Dh

Holes elastodiffusive parameter
Coefficients of hole deformation
Recombination velocities

Diffusion coefficients of electrons and holes

Appendix A

The main coefficients of the Equation (33) can be obtained with the helping of software
computer programming, and take the following form:

Ih —

= i —n o=y Wad1 (Yao — a1q14) + a9qua(asqis
+a14q5) + a2109q1391 — a1a14(Y + g7) — a1a2149 — K9q4—
X1021413 — A5&9410 + X14X942 — X9&21q5 + X91411 + X14G1q6+

96(x14q1 — 5) — a1(q11 — q8) + a5(q12 + 913) — 14(93 + g5))

L= :

(wgmm—alm—as%)Y(“w“ql + a9 (w5410 — 41492 — 91911)
—0614111%) + 111(0&21‘17‘113 — &2149910 — ‘714(‘78‘713 - IJ96111)) + 0651114(%!113—
79912) — %9421(92913 — 45910) + ®9914(q4913 — q5911) + «14914(4399 — 9596) —

®2191(96913 + qoq12) — Y(a1(q8 — q11) + a5q12 — Xoqs — a1493) + a1(q7q11—
98q10) + &5(q6910 — 97(q12 + 913) + 99910) — ®9 (92911 — 94q10) —
(

®1492(q6 — 99) — q7(q3 + 97) — a3, (43913 — 95(96 + 912)) — €2191 (96911 —
98(q12 + q13) + 99911) — q3(98 — q11) + 94(q6 + 99 — g12 + 913) — 95(98 — q11)

Il = -

(”‘9“14[‘71 —R X4 — X509

7 {Y (19810 — 2197011 — a5q6410

Fasq7q12 + a9 (92911 — 4aq10) + 214(G296 — 4397) + 4196011 — 98412) )+
+a21(92(96913 — 99912) — 93(47913 — 99910) — 95(q64910 — 97912)) +

73914(98713 — 99911) — Gaq14(q6913 — G9912) — 95714(F6q11 — 98q12) + Y (

93(98 — q11) — 94(q6 — 912)) + 92(q6q11 — 98912 — 98913 + 9oq11) — #2193 (q7q11—
q8q10) — 9a(96q10 — 97(q12 + q13) + 99q10) + @2195(q98910 — G8410) }

4 (—aom14q1 + w114 + asag)

(A1)

(A2)

(A3)

H Y (—q2q6911 + 9298912 + 93821 (97911 — 98910) + Ga%21(q6910 — 97912)) } (A4)
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On the other hand, the coefficients of the Equation (40) are:

c1 = a9(—q13914 — Ry — q10) — 6 — 99 + 12 + 413

2 = Ryaoqio + Goq13914 — 99912914 + Ru (96 — 912) + 6410 — 97912 — 9713 + G910
3 = Ry (—g6q10 + q7912)

¢4 = —Rpymoms — a9a1413 — 29411 — X146 — X149

cs = Rpagq11 + Rua14q6 + 22196913 — 2199912 + 96911 — 98912 — 98413 + 99911
c6 = Ru(—g6q11 + 98912)

(A5)
c7 = w14(—99914 — Ry — 97) + a21(99 — 913) + 48 — 911

cg = Rpaaqy + a21(497913 — 99910) — 98913914 + 99911914 — Ru (98 — q11) + 97911 — 98910
c9 = Ry (—q7911 + 98910)

c10 = o (@14q14 — X1 — A14)

11 = 921910 + X9911914 — X1496914 — 8912914 + 21497 + 221 (6 — 12) — g8 + q11

C12 = —&2196910 + 2197912 + 96911914 — 98912914 — 97911 + 48910
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