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Abstract

The aim of the present work is to discuss the effect of varying thermal conductivity in a semiconducting medium under
photothermal theory. An infinite elastic half-space is overlying the infinite semiconducting medium, and a constant me-
chanical force is applied along the interface. The normal mode analysis method is applied to find the analytic components
of displacement, stress, carrier density and temperature distribution. It was found that all physical quantities are affected
by variable thermal conductivity. The novelty of the paper lies in the fact that no such a problem of variable thermal

conductivity has been discussed by any researcher so far.
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1. Introduction

Semiconductor materials are being considered important in cur-
rent years due to their wide utilization in various fields of sci-
ence and engineering. The plasma waves get generated due to
the excitation of electrons under exposure to a beam of laser or
sunlight. As a result, the interaction between the thermal wave,
elastic wave and plasma wave occurs. Gordon et al. [1] and
Kreuzer [2] made remarkable contributions in developing the
photothermal theory. Mandelis et al. [3] studied the coupling of
thermoelastic and electronic waves under photothermal theory.
Todorovic [4] investigated plasmaelastic and thermoelastic
waves in the semiconducting medium. Song et al. [5] worked on

a reflection problem in a semiconducting medium for finding
reflection coefficient ratios. Othman et al. [6] explained the
wave propagation problem in a semiconducting medium in the
context of Lord-Shulman (LS) theory. Ailawalia et al. [7] ana-
lysed the influence of mechanical force at the interface of semi-
conducting half-space and thermoelastic micropolar cubic crys-
tal. Alzahrani and Abbas [8] studied a two-dimensional semi-
conducting medium under thermoelastic theory with one relax-
ation time. Hobiny [9] explored wave propagation in a semi-
conducting medium under a hyperbolic two-temperature model
without energy dissipation. Saeed et al. [10] introduced a novel
model for studying photothermal interaction in a rotating mi-
crostretch semiconductor medium subjected to initial stress.



http://www.imp.gda.pl/archives-of-thermodynamics/

Ailawalia P., Priyanka

Nomenclature

a —wave number in the x-direction

C, — coefficient related to diffusion of carriers

C, —specific heat, J/(kg K)

E, —gap in energy of valence and conduction band
of the semiconductor, J

e; — strain tensor

F —mechanical force

K — arbitrary constant

K, —physical parameter

K* —thermal conductivity, W/(m K)

N — carrier density, kg/m3

N, — carrier concentration at temperature T in equilibrium

— position vector

T —temperature, K

T, - reference temperature, K

t —time,s

u - displacement vector

u, w— X, z components of velocity, m/s

ui — components of velocity (i=1, 2, 3), m/s

~4

Hilal [11] demonstrated photothermal interaction in a micro-
elongated semiconducting medium under the influence of grav-
ity. Kaur et al. [12] explained photo-thermo-elastic interactions
in an infinite semiconducting rotating solid cylinder subjected to
the magnetic field and hall current. Lotfy et al. [13] put forward
a novel model for investigating non-local semiconductor me-
dium. Azhar et al. [14] studied the reflection problem in a non-
local semiconducting medium under the effect of hall current
and magnetic field.

Under exposure to high temperature, the thermal conductiv-
ity of an elastic material is found experimentally to be varied
with temperature. Therefore, the thermal conductivity cannot be
treated as constant. El-Bary [15] introduced a mathematical
model for studying layered thin plate subjected to variable ther-
mal conductivity. Ezzat and Youssef [16] studied thermoelastic
medium subjected to variable electrical and thermal conductiv-
ity under the theory of one relaxation time. Sherief and Abd EI-
Latief [17] explored the impact of variable thermal conductivity
in an elastic half-space with respect to the theory of fractional
thermoelasticity. Zenkour and Abbas [18] applied finite element
method for obtaining thermal stress for a hollow cylinder in a
temperature dependent thermoelastic medium. Yasein et al. [19]
demonstrated the effect of varying thermal conductivity in a
semiconducting medium subjected to thermal ramp type in the
context of dual-phase-lag (DPL) and L-S model of thermoelas-
ticity. Abbas et al. [20] analysed the behaviour of semiconduct-
ing medium with cylindrical cavities subjected to variable ther-
mal conductivity. Alzahrani et al. [21] discussed eigen value
problem for variable thermal conductivity in a porous medium.
Marin et al. [22] explored porothermoelastic materials subjected
to fractional time derivatives by applying the finite element
method. Lotfy and El-Bary [23] proposed an elastic-thermod-
iffusion model for studying photothermal interactions in a sem-
iconductor subjected to mechanical ramp type and variable ther-
mal conductivity. Hobiny and Abbas [24] utilised the finite ele-

X, ¥, z— Cartesian coordinates, m
Xi, — Cartesian coordinates (i=1, 2, 3), m

Greek symbols

o —thermal expansion coefficient, 1/K
£ — coefficient of electronic deformation
y —r=@r+2u)a

§ -6=@1+2u9p

0; — Kronecker delta

x - coupling parameter for the thermal activation, = (%) (%)

A, u— Lame's constants

p —density, kg/m?

- photogenerated carrier lifetime
w —complex time constant

Subscripts and Superscripts

e —elastic medium

s —semiconducting medium

uij — differentiation of u; with respect to x;
()"~ amplitude of the variables

ment method for describing thermoelastic interaction in an or-
thotropic material with spherical cavities under variable thermal
conductivity. Kumar et al. [25] explained thermodynamical in-
teractions for a thermodiffusive medium subjected to rotation
and gravitational effect. El-Sapa et al. [26] demonstrated the in-
fluence of variable thermal conductivity on wave propagation in
a non-local semiconducting medium.

The present research work deals with investigating the effect
of varying thermal conductivity in a semiconducting medium.
The problem has been modelled as an elastic half-space overly-
ing the semiconducting half-space. The analytic components of
displacement, stress, carrier density and temperature distribution
are obtained by applying the normal mode technique. It was ob-
served that all considered physical quantities depend on variable
thermal conductivity.

2. Governing equations of the problem

Let us take a semiconducting half-space with an overlying elas-
tic half-space. A mechanical load of magnitude F is acting on
the boundary separating the two half-spaces. Further, we con-
sider coordinate system (x, y, z) in which z-axis is taken in ver-
tically downward direction. The region z > 0 is occupied by the
semiconducting half-space (medium I) and the region z < 0 by
elastic-half space (medium I1) as represented in Fig. 1.

The fundamental equations for a semiconducting medium af-
ter neglecting body forces are given by Lotfy [27]:

WSVAE(E,E) + (A5 + pS)V(V- 4R D) +

92U t)

atz -’ @

The coupled equations for the semiconducting medium are
given by Song et al. [28]:

—yVT —6VN =p

ou
V-

Es oT
KSVZT—?N‘}'YTO E_'DCSE:O' (2)
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Elastic half-space
Medium IT

x-axis

Semiconducting half-space

Medium I
Z-axis
v
Fig. 1. Geometry of the problem.
1 N
CdVZN—;N+KT—E=O. 3)

Further the stress-strain relations for the considered medium
are given by Lotfy [27]:
0;j = Zuse” + (Asuk,k — 6N — ]/T)6”, (4)
where
1
el] = E(uj,i + ui‘j).

The fundamental relations for elastic half-space are given by
Ewing et al. [29]:

02ue(7t)
otz ' (5)

rlk=1,23. (6)

ueVREe (7, ) + (A€ + uo)V(V - Ue(7 1)) = p°
e = 2°ug 8y + 1 (ugpe +wiy)
3. Formulation of the problem

We assume that the waves are propagating in x-z plane. Hence
the displacement vector in the semiconducting medium is con-
sidered as # = (u,0,w), where u = u(x, z,t), w = w(x, z, t).
Equations (1)—(4) in two dimensions can be expressed as:

O +20) Tk + O + ) S
9%u aT N _ 9%u
WS =Y o= =pos (7
L0%w . 0%u . o 0w
MW‘F(A +,Ll)aa+(l +2M)—+
aT N _  9%w
~v5,~ 05, =Pz 8
Eg aw aT _
KSAT = 5N +yTo 2 (2 4+22) - pC, 2 =0, (9)
1 N
CabN =N +xT -2 =0, (10)
=+ 2 2 D T +ON), (1)
=+ 2 2+ 2L gT N, (12)

ou 0w) (13)

— s(Z= i
Ozx = H (Bz + ax/’
9? 92

where: 4 = 322 T 3,2

Further for the elastic half space, Egs. (5) and (6) in two-
dimensions can be reduced as:

G + 20 HU S e S =t T (19
: +2u) T+ (0 + ) T = pe T, (15)
08 = (0 + 2u9) 2 4 10 2 (16)

0g, = (A +2u%) 20 4 22 2 17)

og = u° (2 +22) (18)

Under exposure to high temperature, heat conductivity K*
depends on the temperature of the medium, therefore it must be
taken as variable as given by Lotfy [30]:

KS(T) = KS(1 + K, T). (19)

We can use the Kirchhoff transformation for conversion of
thermal conduction equation into linear form by the following
relation given by Lotfy [30]:

S 1 /T
=1l K°®E (20)
Differentiating (20) with respect to x; we get
K§T, = K3(T)T,;. (21)

Differentiating the above equation again with respect to x; we
get
K5T, = (KS(T)T,,-)J_. (22)

Above equation has the following linear form after removing

non-linear terms:
KsT, = K5(T)Ty. (23)

In T, the subscript should be treated as ii in Egs. (22) and (23),
though it appears as Il under T due to some software issue.

Differentiating (20) with respect to t we get
KsTy = K5(T)T. (24)

Equations (7) to (13) can be rewritten using (19)—(24) as:

(/15 + Z,us) + (/15 + ,us)— +
sQu _ o  goN _ 9%u
K 5z ax ax P (25)
BT O + ) g+ (O + 20 5
at aN a%w
v, — 85 =5 (26)
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K3AT = 5N 49Ty 2 (2 4+ 2) — pe, St =0, (27)
CabN =N +xT -2 =0, (28)
=5+ 2[15) —+ ,15— - (yT + 6N), (29)

=5+ zuS) + /15 — (yT + 6N), (30)
Oppe = U° (Z—Z + Z—Z). (3)

Further, for simplicity we use dimensionless quantities writ-
ten below:

! 1 ! 1 ! 1 ! 1
X' =—x, z=—z, U =—u w =—w,
ot 1t t* ot
pot g ¥, N
e st (A5 +2u%) (A5 +2p5)
e _ 1 oe el _ 1 e o _ i
=opus wo =nwh, o = (32)

where:

12 _ @S+2p%) = K3
)

C = .
p Cs clz

Using dimensionless variables (32) in Egs. (25) to (31) we
get equations as:

%u o?w 9T oON  d%u

ax2 bna 2+bllaxaz_5_ﬂzﬁ' (33)
2%u  9%w 2w 9T oON  3*w
2o T TaE T T T (34)
2 aT 0%u 22w
a15AT + a16§ + a17N + aqg (@ + azat) = 0, (35)
ON S
a11AN + apN +ag3 5+ a,T =0, (36)
= b13 ox + b14 oz b13T by3N, (37)
u ow 2
zz = b14a+ b13¥_b13T_ bi3N, (38)
du a
o= (2+2). (39)

Further for the elastic half space, Egs. (14)—(18) in dimen-
sionless form can be reduced as:

11 062:'2 t e vaavz t o 66222 - aazTu:’ (40)
e e b =G (@)
Oxx = C14 % + €15 aalzel (42)

05, = C1a % + C15 %j: (43)

og = (2420, (44)

Here:
Gy =—2 g, =—L1 a.=——, a,=%
1T 5z M2 T T N3 T Ty e T
_ kg _ @S+2p) _ Es(S+2p5)t* _ YT
Q15 = Q16 = — » A7 =T Aig =
yt*Cs 14 8pCs pCs
b, = us - AS+us AS+2,u b /15
11 — (/15_'_2#5)’ 12 — ;{5+2M5' 13 — # 14 = #
ﬂ_s /19_'_2#9 Ae+ue uE
bu== chu=—7 ="z, (13 =3
14 Hs’ 11 peclz » 12 peclz » +13 pecll’
Aé+2u° _A®
C14 = e G5 T e

4. Normal mode analysis

We use the following normal mode analysis for obtaining the
solution for above considered physical variables:

[w,w,T,N,u®,we| = [u*,w*,T%, N*,u®, w®*| (z)e®t*ia*, (45)

Using the solutions given by (45) in (33)—(36), we obtain the
following equations in coupled form as:

(by1D? + e;5)u” + iab,,Dw* — iaT* — iaN* = 0, (46)
iab;,Du* + (D? + e;)w* —DT* —DN* =0, (47)
ezu” + e ,Dw* + (a;sD? +e;,)T* + a;,N* =0, (48)
a;,T* + (a;,D? + e;;)N* = 0. (49)

On solving these coupled equations (46) to (49), we get the
following eighth-order differential equation:

[9sD® + goD® + g1oD* + g1, D* + g1 (uw', w*, T%,N*) = 0.
(50)

Similarly, using the solutions given by (45) in (40)—(41), we
obtain the following equations in coupled form:

(C13D2 + 617)ue* + iaclzDWe* = 0, (51)

(c11D? + e;g)w®* + iac,,Du’* = 0. (52)

On solving these coupled Egs. (51) and (52), we get the follow-
ing fourth-order differential equation:

[913D* + 914D? + g15](u®*, w®*) = 0. (53)
Here:
e;1 = —a1a% + ag, + a3, e, = —a35a° + ajew,
€13 = iawdyg, €14 = Wag, €15 = —(a? + w?),
e = —(b110° + ?), ey = —(cy0* + w?),
e1g = —(c13a* + w?),
fi = iaayshyy, fo = ialezb, +e14), f3 =

—eq14b11,

fa = laeizbi; — eqseys, fs = ia(ag7by; + €14),

_ _ 2 2 _
fo = b1, f7 = €5+ e16b1140°b12", fg = 1546,
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fo=1ia(by, — 1), fio = —iaess,
91 = fifer 92 = fofe + fif7 = f3fo
93 = fof7 + fifs = fafio = fafor 94 = fofs — fafro
9s = fsfe = f3for 96 = fsf7 = fafo — f3f10s
97 = fsfs = fafior 98 = 01191, 9o = €1191 + Q1192
10 = €1192 + A1193 — A149s,
911 = €1193 + @119 — W14 fe,
912 = €1194 — A1497, Y13 = C11C13,
J1a = C11€17 + Ci3€15 + a%c2%, gis = —eqgeqs.

Using radiation conditions u*, w*,T*, N* > 0 as z > o,
the solution of Eq.(50) can be written as:

TF = %4, Ce "7, (54)
u =Yt A e, (55)
w* =31, Bje 7, (56)
N* =Y Ee™7, (57)

where k7 (j =1, 2, 3, 4) are roots of Eq. (50). Also using
Egs. (46)—(49), the coupling constants A;, B;, E; are given by
Aj = L;C;, B; = M;C;, and E; = N;C;, where:

hlk}+h2ka-+h3
Lj = —4—5—,
hakf+hsk? +he

_ h7kf+h8k}‘+h9kl?+hw

M =
S ik +hagkthazk;
a
Nj - _+
aukj+eu

and
hy = —fiay;, hy = —fra11 — fre11, hs = fsa14 — fr€14,

hy = f3a11, hs = foa;1 + fzeq1, he = faeqs,
h; = —aisfza11,

hg = eisfiain — aisfser; — a11f3€12 — Aisfuaas,

hg = a17f3a14 + €13f2011 + e13fi€11 — erafze; +

—e12f4a11 — Aisfae11,
hio = ay7f4014 — €13f5a14 + €13f2€11 — €12faeyy,

hi1 = ay1f3€14,

hiz = aq1fae14 + €14f3€11, iz = €11f4€14.

Using Egs. (54)—(57), we obtain the expressions for all phys-
ical quantities as:

T — Z}?Zl C] e—kaewt+iax’ (58)

u= Z?:l C] Lje—k]-zea)t+iax’ (59)
w = 231'-21 Cj Mje—k}-zea)t+iax’ (60)
N = Z;!—=1 Cj Nje—kaewtﬂ'ax‘ (61)

Oxx = Zle[iaanj — by4kjM; — by3N; — b13] X

X Cje—kaea)tﬂax’ (62)

O_ZZ = Z;l‘=1[_b13ij] + lab14Lj - b131V]' - b13] X
X Cje—kaewtﬂ'ax' (63)

O, = Z;l'zl[—k]L] + laM]]C] e_kaewt+iax. (64)
Using radiation conditions u®*, wé* — 0 as z — oo, the so-
lution of Eq. (53) can be written as:

ex _ \'6 kypz
u® =Yg F, e"?,

(65)

we =35 _: G, ekr?, (66)

where k5 (j = 5, 6) are roots of Eq. (53). Also using Eqgs. (51)—

(52), the coupling constant G, is given by G, = O, F,, where:

_ 13 ki+e17

0, =

iacizkp

Using Egs. (65)—(66), we obtain the expressions for all phys-
ical quantities in elastic half-space as:

U = ¥5_o F, efpewttior, (67)
We = N5_g 0, F, ekpZeortiax, (68)

0% = Y5sliacyy + ci5k,0,|F, epZe@ttiax - (69)
0%, = X5-s|iacss + 14k, 0, |F, ekrZe®t 0 (70)
ol = Zf,:S[iaOp + k, |F, efpZe@ttiox, (71)

5. Boundary conditions

For evaluating the constants C; (j =1,2,3,4) and F, (p =

5, 6), the following boundary conditions are applied:

1) A mechanical force Fe®t*%* js applied at z = 0 along the
normal direction:

0,, = 05, — Fe®wttiax, (72)
2) The tangential stress vanishes at z = 0:
Opx = Opy. (73)
3) The surface z = 0 is thermally insulated:
ar
Fol (74)
4) The carrier density at z = 0 is
oN
a5, = KN. (75)
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5) The tangential displacement is continuous at z = 0:
u =u¢. (76)
6) The normal displacement is continuous at z = 0:
w = we, 77)

Using Egs. (58)—(64) and (67)—(71) in Egs. (72)—(77), we get
the following non-homogenous system of four equations:

a;’C, +a;’C, +ay’Cs+ay’Cu+ ad’Fs + al'Fy = —F, (78)

bI*Cl + b;*CZ + bg*C3 + bZ*C‘l- + b;*FS + bg*Fﬁ = O, (79)

k1C1 + kZCZ + k3C3 + k4C4 = 0, (80)
eI*Cl + e;*CZ + e;;*C3 + eZ*C4 = 0, (81)
L1C1 +L2C2 +L3C3 +L4C4_F5 _F6 = 0, (82)

M,C; + M,C, + M3Cs + M,C, — OsFs — OgFs = 0. (83)
where:
a;” = —by3k;M; + iaby4L; — bysN; — by,
ay' = —[c14k, 0, + iacys],

bi* = iaM; — k;L;, by' = —[k,, — ia0,),

e = (c—‘; +I) N, J=1234 p=56.

For evaluating the values of constants C; (j = 1,2, 3,4) and
E, (p = 5,6), the system of Egs. (78)—(83) are solved using
MATLAB. After evaluating the values of these constants, the
expressions for temperature distribution, components of dis-
placement, carrier density and components of stress can be ob-
tained by the expressions (58)—(64).

Using Egs. (19) and (20), the relation between the tempera-
ture T and the operator T can be written as

T==[V1+2KT —1] == 1+ 2K, T ewr+iax — 1]. (84)
1

Ky
The temperature, components of displacement, stresses and
carrier density may also be expressed in terms of K; as:

T = Kil[\/l + 2K, ?:1 G e KiZgwt+iax _ 1], (85)
— L i z _ i wt+iax
u == [1’(1 (T + Kl) Kl] e : (86)
_ M 1 2 _ 1| wt+iax
w=— [Kl (T + Kl) 3 e , (87)

1 1 2 1 . sk sk 1
Oxx =3 [K1 (T + K_1) - K_1] liabysL™ — by3—b s N**]e®t+iar+

% 4 —-kiz jwt+iax
— byaM i=1 k}- Cie "i%e ,

(88)

1 1 2 1 . sk sk i
O-ZZ = E [Kl (T + K_l) - K_l] [lab14L - b13_b13N ]ea)t+1ax+

— bysM* Y3, k; Ce %@t Hiax, (89)

_L** Z?:l k] Cje—ka +

Oy = + ial;l** [Kl (T + Kil)z

ewt+iax
1

K1

(90)

N* 1\¢ 1 ;
W= (r e 2) e, o

K1
where:

_ hyr*+hyr?+hs
har*+hsr2+hg’

L**

M = hor®+hgrt+hor?+hqg
hq175+hir3+h 3T '

N** — ai4
a;iri+e;q

6. Numerical results

For the numerical justification of the analytical results obtained,
we take example of silicon (Si) as semiconducting medium for
which related values of constants are given by Song et al. [28]
as:

2 =3.64x10"" N/m?, 1* =5.46x10'"" N/m2, p=2330 kg/m’,
Ty=800K,7=5x10"s, C;=2.5x10" m%/s, C, = 695 J/(kg K),
E,=1.11eV, a=4.14x10"/K, K = 150W/(m K),
p=—9x10""m* F=1.0,k=2.0.

Further the physical constants for elastic medium — granite — are
given by Bullen [31]:

p°=2.65x10’kg/m>, 1° =2.238x10°N/m?, ¢ = 2.238x10° N/m?.

All calculations have been done at the surface x = 1, t = 1.
Further w = wy + i€ , where wy, =-0.03, £ =0.01. The
graphs are obtained for constant and variable thermal conduc-
tivity by taking three values of K;, namely 0, -2 and -5, respec-
tively.

6.1. Results and discussion

Figure 2 shows the variation of normal displacement against
horizontal distance. Parameter K; represents thermal conductiv-
ity of the medium. K; = 0, when the variables are independent
of thermal conductivity, and when K; is not equal to zero
(K; = —2,-5), then the variables are dependent on thermal con-
ductivity. The value of normal displacement decreases with an
increase in horizontal distance for both the cases. In the case of
variable thermal conductivity, the magnitude of normal dis-
placement decreases with increase in value of K;.

Figure 3 shows variation of normal stress with horizontal
distance. The value of normal stress increases as the horizontal
distance increases in the case of constant thermal conductivity.
The similar behaviour is observed for K; = —5. But for
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K, = —2, the magnitude of normal stress first increases to attain
the maximum value, then follows a sharp decrease.

Figure 4 shows variation of carrier density against horizontal
distance. The value of carrier density increases sharply for con-
stant thermal conductivity following a sharp decrease. But for
variable thermal conductivity, the magnitude of carrier density
varies inversely with value of K.

\
N —e—K,=0
12F B K=2H
A —o—K =5
10+ s
3 N
5 \
£ .
=
2
=
= B 1
=
S
= 4 -
2 <
0 . . " ’ N :
] 0.5 1 15 2 25 3 35 4

Horizontal distance

Fig. 2. Variation of normal displacement against
horizontal distance.

Normal stress

o 0.5 1 1.5 2 25 3 35 4
Horizontal distance

Fig. 3. Variation of normal stress against horizontal distance.

Carrier density

L L L L L . L
o 05 1 1.5 2 25 3 35 4
Horizontal distance

Fig. 4. Variation of carrier density against horizontal distance.

Figure 5 shows variation of temperature against horizontal
distance. The magnitude of temperature increases exponentially,
then becomes constant for all values of K. Further for variable
thermal conductivity, the temperature varies inversely with pa-
rameter K;.

o
1 ‘0"0’ 4
P

.2< g/ .

3t e _
g 4 /a’
E af ]
P

5 L i
E & —e—K,=0

6 K=2 E

7L —e — Klzrﬁ i

8t ]

-9

] 05 1 1.5 2 25 3 35 4

Horizontal distance

Fig. 5. Variation of temperature against horizontal distance.

7. Conclusions

The following conclusions can be drawn from the performed
study on the effect of variable thermal conductivity in semicon-
ducting medium underlying an elastic half-space:

1) The variable thermal conductivity has a considerable effect

on all the physical quantities.

2) The maximum variation is obtained for carrier density in con-
text of constant and variable thermal conductivity.

3) All the physical quantities are inversely proportional to the
value of parameter K; , except normal stress.

4) This research work finds its application in different fields of
engineering to calculate displacement, stress and carrier den-
sity in semiconductors subjected to variable thermal conduc-
tivity.

5) This problem has its importance due to the fact that physical
properties of a material change drastically when there is
a change in temperature.
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