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1. Introduction

Energy is critical to the functioning of our modern society. Oil, gas, and coal are the traditional fuel sources for power plants.
Oil and gas reserves are dwindling, and their combustion has environmental risks; as a result, people are looking for
inexpensive ways to generate sustainable energy. Photovoltaics, nuclear power, biogas, wind power, and thermoelectricity are
only a few of the renewable energy sources [1]. The various approaches have their benefits and drawbacks. Solar cells, for
instance, can generate power throughout the day, but their production necessitates sophisticated machinery. Generating
nuclear power requires expensive and potentially dangerous nuclear power reactors [2]. As with solar power, wind energy can
only be generated in particularly windy regions. However, thermoelectricity is a simple and low-cost option for producing
clean electricity. Seebeck's now-famous 1821 statement describes the Seebeck effect, the foundation of thermoelectricity [3].
Electrical conductivity is an essential material property that specifies how easily electric current may travel through a
substance. Conductors carry current. While Insulators impede current [4]. When considering current flow, certain materials
are between conductors and insulators and are called semiconductors. The flow of current through a semiconductor is
temperature dependent [5]. With a temperature rise, semiconductors exhibit greater electrical conductivity. As the temperature
of a material goes up, more and more electrons may move freely from the valence band into the conduction band. This makes
the material more conductive [6]. At low enough temperatures, quantum mechanical tunnelling (‘hopping’) between defect
states near the Fermi level dominates charge carrier transport in disordered semiconductors. So, as the temperature goes
down, the activation energy of the electrical conductivity often goes down slowly [7]. In the past, Monte Carlo simulation has
been used to investigate this scenario for the case of an energy-independent density of localised states by simulating the
carrier hopping mobility inside a very large computer-generated random array of sites (DOS [8]. The resultant data was
analyzed using a novel approach, it has found remarkable agreement with the simulated DOS. In this work, the method was
further developed so that it can be used to measure DC electrical conductivity data [9]. The simulation data were found to be
easy to implement and consistent with DOS power and strength dependence. It has already been applied to all the previous
different experimental trials. It removes the Mott "T ~1/4" model's significant inconsistencies [10]. It has been shown that the
organization of the "transfer energy" within the local state distribution helps explain the jumping behavior at low temperatures
[11]. Semiconductive germanium is one of the most interesting thermoelectric materials, and this article [12] talks about
research on its electric and thermoelectric properties [13]. This study aims to assess the efficacy of germanium in the
electronics and solar cell sectors.
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2. Modeling in Comsol Multiphysics

In the Multiphysics package of Comsol, a two-dimensional model is employed to analyze a
semiconductor at a specific temperature [15]. As can be observed in Figure (1) and table (1), the
semiconductor that was used has a rectangle with dimensions of (width 1 cm, height 1 cm) and a square
with dimensions of (side length 0.2 cm, x = 0.4 cm, y = 0.4cm). The simulation employed was selected
[14]. The thermoelectric effect encompasses both the transfer of heat in solids and the flow of electric
current at the same time [16]. As a result of this physics, the boundaries that are subjected to temperature
(75 K, 150 K, 225 K, 300 K, and 375 K) are selected [17]. Additionally, the amount of electric current
(10 A) for semiconductors is determined in order to determine the effect of (electric field, current
density, charge density, and external current density) with the change in temperature in order to
determine the electrical conductivity of the semiconductor. In the first table, the parameters that were
utilized in the simulation are presented. [18].

Table 1. Germanium physical characteristics.

Parameters value
electrical conductivity 2.12 s\m
relative permittivity 16
seebeck coefficient 330uv\K
Density 5.323 glem®
Conductivi 0.58 W cm™°C™

cm

Temperature
Germanium

\ L

o} cm

1 1 L} 1 1 1
o} 0.2 0.4 0.6 0.8 1

Fig. 1. Geometrical model of semiconductor.

3. Simulated physics equations

The heat equation is the basis for the mathematical modeling done in Comsol Heat Transfer in Solids
module [19]. This equation may be written as follows see table (2):

3.1. Solid
d,pCpU-VT+V-q=d,Q+qo+d,Qrea (1)
q = —dkVT )
3.2. Thermal Insulation

-n.g=0 (3)
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3.3. Temperature
T=T, 4)

In the COMSOL electric current module, mathematical modelling is performed using the current
equation. The formula for this expression is as follows [20]:

3.4. Electric Current

V-]= Qj-v (5)
J=cE+], (6)
E=-VV )

3.5. Current Conservation

V-] = Qj~v (8)
J=0E +], 9)
E=-VV (10)

3.6. Electric Insulation

n.J=0 (11)
3.7. Ground

v=0 (12)
3.8. Terminal

J. g3 ndS=1, (13)
3.9. Thermoelectric Effect

p=ST (14)
q=p]J (15)
Je=—osVT (16)

3.10. Electromagnetic Heating
PCou- VT = V- (kVT) + Q. (17)
Q.=J.E (18)

Table 2. Physics Symbols

quantity Symbol quantity symbol

Q Heat p pressure

T temperature change S seebeck coefficient
p Resistivity d distance

C heat capacity v potential

q absorbed heat Vv potential change

u Mobility T temperature

E electric field Iy initial intensity

J current density T, initial temperature
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c electrical conductivity qo initial absorbed

k thermal conductivity u permeability

Cp specific heat Qe electron heat

Q Heat Je electron current density
d, atomic distance Qted final temperature

Qjv electric heat % change

4. Results

4.1. Temperature-electric field relationship

Figure (2) depicts a simulation of the change in the electric field strength of a semiconductor
(germanium) as a function of temperature. The simulation was carried out using thermal simulation
software. The electric field strength distributions may be seen to imply an increase when the temperature
rises across all five distinct values. This is something that can be observed. Throughout the entirety of
the simulation that was carried out with the COMSOL Multiphysics software, this was the correct
outcome. Because there is a heat source in the middle of the semiconductor, it is feasible to detect that
the electric field strength of the semiconductor in the middle is greater than that of any other end. This is
because the heat source is located in the middle of the semiconductor. The fact that there is a positive
relationship between the electric field and thermal energy is demonstrated by the fact that the electric
field increases in proportion to the amount of thermal energy that is introduced, and the electric field
decreases in proportion to the amount of thermal energy that is introduced. When the temperature was 75
K, the electric field strength was 6 x 10> v/m. This was the value that was observed. A strength of 15 x
1075 v/m was seen in the electric field when the temperature was measured to be 150 K. When the
temperature reached 375 K, the electric field voltage increased to 50 x 10~° v/m. This was the highest
value that was observed. It is evident from this that the values of the electric field strength are not
constant but rather change in a dynamic way in response to variations in the temperature that is
influencing the situation.

Surface: Temperature (K) Surface: Electric field, x component (V/m)
K V/m
A 75 A 6.65x10
x107
6
1 4
L] z
75.01 ' 0
-2
-4
-6
v 75 ¥ -6.55x107
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Surface: Temperature (K) Surface: Electric field, x component (V/m)
K V/m

A 300 A 398x10™
x10™

L1 :
300.08 J 0

-2

v 300 v -3.92x10™

Surface: Temperature (K) Surface: Current density, x component (A/m?)

K

A/m®
A 7.95x107°
x107°

A 75

v 75

5
0

-5

=

v -7.95x107°

Surface: Temperature (K) Surface: Current density, x component (A/m?)

K Alm?
A 4.73x107
x107

A 300

300.08

=

v 300 v -4.73x107°

Fig. 2. Electric field and current density at 75 K and 300 K in temperature.

The results showed in the table (3) an increase in the space charge density values (3.7,10,15,22,29)
X 10‘9# , and an increase in the external current density values (1,4,6,8,11) x 1072 % .This is because

as the temperature goes up, a lot of electrons move from the valence bund to the conduction bund, and
the value of the electrical conduction goes up a lot. As a result, the surface charge density values and the
external current density values both went up.
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Table 3. The simulation reveals the electrical characteristics of germanium.

Temperature Electric field current density space charge external current
(K) (%) (% density (#) density (%)
75 6x 107 8x10° 3.7x10° 1x10°
150 15 x 10° 20 x 10°° 10 x 10° 4x 107
225 28 x 10°° 33x10° 15x 10° 6 x 10
300 40 x 10 47 x 10°° 22 x 10°° 8 x 107
375 50 x 10 60 x 10°° 29 x 10°° 11 x 102

To evaluate the data in table (3) for different temperatures and the current that was used in this
simulation was equal to (10 A), a graph was drawn between the values of temperature (red colour) and
electric field (blue colour) in Figure (3) to describe the relationship between them. The linear
relationship between them can be clearly seen.

Electric field

Temperature
500
450
g 400
® 350
= 300
© 250
S 200
= 150
= 100
50
0

6 15 28 X 108 50

Electric field ( )

Fig. 3. Temperature-electric field features in Comsol Multiphysics Germanium model.
4.2. Temperature- current density relationship

In general experiments, measurement data is usually one-dimensional, but in simulations, electrical
parameter distribution profiles can have two dimensions. Table (3) shows the results of the temperature
and current density distribution, in the middle model at (75K, 150K, 225K, 300K, and 375K) The
simulation is run with a 10 A current provided to one end of the semi-conductor, while the other end is

grounded. shows the results of the current density values (8,20,33,47,60) x 10‘6% ,with the change of
semiconductor temperature between 75K and 375K, where the simulation results can be considered to be
close to the measurement. As it shows the rise in the current density values with the rise in the

semiconductor temperature from 75K and 375K, it can be observed that when 75 K gives the lowest
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value for the current density, while 375 K gives the highest value for the current density. Figure (3)
shows the current density and the temperature along the path for data evaluation (table. 2) through the
simulation model, the transport current used in these calculations was again a (10A). An interesting
result is that the current density starts to penetrate the semiconductor with higher values at a temperature
of 375 K. More explicitly this behavior behavior is shown in Figure (4) the two variables have the same
effect, where the temperature and the current density at a point on the boundary of the semiconductor are
shown. In this simulation, at longer times this redistribution of the current density is proceeding further
till the current density reaches its last value everywhere in the semiconductor. This equalization happens
because of the finite electrical conductivity in the simulated semiconductor, which is necessary for
numerical reasons.

e current density
Temperature

500

- 450

=< 400

L 350
=2

< 300

5 250
o

c 200

2 150

100

50

0

6 20 33 47 60
X 106

current density ( % )

Fig. 4. Temperature-current density features in Comsol Multiphysics Germanium model.

4.3 Temperature- Space charge density relationship

Space charge density within the semiconductor material (germanium) is shown in Figure (5,7), with a
higher percentage of space charge density in the center of germanium than in the other parts, which
results in a stronger electric field strength in the same region due to the effect of heat on the medium.
Figure (6,7) shows how temperature (75K,300K) affects the distribution of external current density. The
effect spread to cover most of the semiconductor material but had less of an effect on the sides. As can
be seen in Figure (7), when the temperature is increased to (300K), the external current density rises to

(8 x 107 iz, from the value of (1 x 10?) iz at the initial temperature of (75K). These results point to a
m m
positive correlation between heat and, electrical conductivity.
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Line Graph: Space charge density (C/m?)
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Fig. 5. Temperature and space charge density profile map along the Germanium model.

Line Graph: External current density (A/m?)
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Fig. 6. Temperature and external current density profile map along the Germanium model.

Surface: Temperature (K) Surface: External current density, x compone
A/m?
A 0.01
x107
10
75.01 1 ' 2
i ) 0
-5
-10
v -0.01
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Surface: Temperature (K) Surface: External current density, x compone

A/m?
A 0.08

D 0.05
- 4 300.08 0

-0.05

v -0.08

Surface: Temperature (K) Surface: Space charge density (C/m’)

c/m?
A 3.74x107°
x107°

3

£ 4 75.01 D

o~ N

v -7.85x10™"

Surface: Temperature (K) Surface: Space charge density (C/m’)

c/m?
A 2.24x107°
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- 4 300.08 D

v -4.65x10°

Fig. 7. 75K and 300K in temperature-space charge density and external current density.

Conclusion

The following conclusions were drawn from tests using temperature alterations on a simulated
semiconductor (Germanium).

e Thermoelectric differences in the electric field of a semiconductor model were explored using the
COMSOL Multiphysics software. because of the shift in temperature. In the middle of the
semiconductor, researchers found that the electric field value rose with rise in temperature.

e The current density increased when the temperature was increased in the central region of the
semiconductor.

e By heating the germanium model, it was found that the charge density increases.

e When a temperature was given to the germanium model, a rise in the external current density was
recorded,

e With a small increase in electrical potential by an average of one degree for each value of the
temperatures selected in the end, we concluded that as the temperature rise too, the electrical
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properties measured during the simulations also went up. This, in turn, caused the electrical
conductivity of the semiconductor (germanium) to go up.

In the end, it can conclude that as the temperature went up, the electrical properties measured during
the simulations also went up. This, in turn, caused the electrical conductivity of the semiconductor
(germanium) to go up. As a result, germanium can be used in solar cells and some electronic chips.
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