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This study aimed to increase the energy efficiency of thermoelectric generators
designed by considering the electrical properties of p- and n-type semicon-
ductor materials for reducing the costs associated with the experiments, er-
rors, and long production processes. Accordingly, the estimation of the energy
amount to be produced by the thermoelectric materials was achieved by dif-
ferent doping elements using three different parameters such as skin-depth,
electrical conductivity and dielectric constant. Additionally, the findings were
supported by experimental results. In contrast to the conventionally used
black-box type approach and estimation methods, an inference was obtained
on the actual values of the materials.
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INTRODUCTION

Over the globe, 80% of total heat energy is
produced by power plants consuming fossil fuels,
and 26% of it is wasted into the atmosphere.1,2

Thus, fuels must be converted into energy by clean
methods. Additionally, there is a secondary energy
source in waste energy that must be recovered in
efficient, sustainable and clean ways.3 With the
increasing demand for clean energy, the interest of
researchers in alternative energy resources has
increased.4 Thermoelectric generators (TEGs),
which are quiet, compact and have no maintenance
requirements, may be used to recover waste heat
energy.5,6 Therefore, thermoelectric materials
(TEMs) have been used to convert heat energy into
electrical energy directly, and they have become a
focus of interest for many researchers. By producing

heat-resistant TEMs, high-efficiency TEGs may be
designed. However, expensive production and test-
ing stages and respectively lower efficiency levels of
TEGs indicate a need for alternative solutions.6–8

For this purpose, before design and production
processes, prediction of electrical properties of the
semiconductor materials in TEGs will be useful in
determining which semiconductor materials are
more suitable to reach higher efficiency levels under
specific operating conditions. Therefore, electrical
conductivity and permittivity parameters of semi-
conductors at high temperatures may be utilized to
estimate the energy efficiency of TEMs.

During the design of engineering applications and
development and testing of electrical and electronic
components, circuits and systems, engineers try to
find errors and obtain solutions in a shorter time by
using measurement systems. Therefore, in order to
achieve the correct solution, it is useful to know the
properties of a material such as conductivity, per-
mittivity and refractive indices to be used in circuits
and systems. Thus, the determination stage of(Received January 28, 2019; accepted June 18, 2019;
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appropriate material is performed in a shorter time
with less cost and lower material and energy
consumption levels without the need for the trial-
and-error method.9 Afterwards, the production
stage of TEGs is started with the materials that
are determined.

Dielectric properties are related to material struc-
tures, so they are determined by the material’s
molecular structure.10 This way, all parameters of a
material can be correlated as in dielectric proper-
ties. The factors that affect electrical conductivity
and permittivity are density, structure, moisture,

porosity, water content, frequency and tempera-
ture.11,12 Therefore, these factors should be consid-
ered while designing electricity generating devices
using semiconductor materials. Thus, a special
study area such as material analysis may be
developed by using the properties (electrical con-
ductivity, permittivity and skin depth) of a material.

Complex permittivity and electrical conductivity
are related to energy band structures. Permittivity
is one of the most important parameters affecting
the characteristic structures of semiconductor
devices. Experimental results show that both the
real and imaginary parts of this value depend on
frequency and temperature of semiconductors.13

The variation on free-carrier concentration, which
affects conductivity, depends on the applied electric
field or effects in temperature changes.14 The
conductivity associated with carriers of free-charge
for doped semiconductors (with smaller energy
gaps< 1 eV) is related to the activation energy of
dopants.15

The relationship of electrical conductivity in
semiconductors to other parameters was discussed,
and the dependence of electrical conductivity on
frequency and temperature was shown by experi-
mental results. It was found that the dependence of
electrical conductivity on frequency became weaker
when temperature increased.16 Since it is necessary
to know the electrical conductivity value to under-
stand the electron transport properties in semicon-
ductors and have information about other
parameters, electrical conductivity of a

Table I. Parameters of the materials used for TE modules

Symbol Name
r (S/m and 106/cm X)

er (@MW/IF) d (lm @1 MHz)

p-type
Ca Calcium 2.9 9 107 0.298 3 to � 22 93
Co Cobalt 1.7 9 107 0.172 >100 to � 92 121
Ag Silver 6.2 9 107 0.63 2.5 to � 55 63
Y Yttrium 1.8 9 106 0.0166 N/A–N/A 384
La Lanthanum 1.6 9 106 0.0126 (27)–N/A 447
Ce Cerium 1.4 9 106 0.0115 (26) to � 0.3 453
Pr Praseodymium 1.4 9 106 0.0148 (30)–0.08 412
Nd Neodymium 1.6 9 106 0.0157 (10.5)–N/A 386
Sm Samarium 1.1 9 106 0.00956 (13.5)–N/A 500
Eu Europium 1.1 9 106 0.0112 (14)–0.13 474
Gd Gadolinium 7.7 9 105 0.00736 (15)–N/A 582
Tb Terbium 8.3 9 105 0.00889 (14)–N/A 530
Dy Dysprosium 1.1 9 106 0.0108 (12)–N/A 477
Ho Holmium 1.1 9 106 0.0124 (13) to � 1.5 443
Er Erbium 1.2 9 106 0.0117 (14) to � 1.6 450
Yb Ytterbium 3.6 9 106 0.0351 (15) to � 0.04 258
Lu Lutetium 1.8 9 106 0.0185 (12) to � 8.5 366
n-type
Zn Zinc 1.7 9 107 0.166 (10.2) to � 68 120
Al Aluminum 3.8 9 107 0.377 1.8 (10) to � 80 82
Ga Gallium 7.1 9 106 0.0678 16.2–N/A 194
In Indium 1.2 9 107 0.116 (9) to � 55 198
Ge Germanium 2.1 9 103 1.45 9 10 �8 15.8–21 34

Fig. 1. Fabricated bulk sample.
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semiconductor may be estimated using Drude the-
ory.17 Since the permittivity value is based on
electrical conductivity, it will be affected by changes
in conductivity. The electrical conductivity value is
also affected by the carriers (electrons and holes) in
semiconductor materials. Therefore, a relationship
may be established between the permittivity value
and the carriers. Thus, the change in permittivity
may be monitored by controlling the carriers or
carrier mobility.13,18

As an alternative, a parameter that affects tem-
perature is skin depth. The penetration depth of a
semiconductor material exposed to electromagnetic
radiation is of fundamental importance.19 The skin

depth decreases when the electrical conductivity of
a material increases since skin depth is inversely
proportional to conductivity.20 The penetration
depth in semiconductors is found essentially inde-
pendently from its amplitude at the surface. How-
ever, this parameter is determined by the
characteristics of semiconductors.19 In other words,
the isothermal effect is related to skin depth
intensity.21 Although the skin depth parameter is
associated with temperature, it becomes indepen-
dent of temperature at very high frequencies.
Therefore, the skin depth factor may be ignored at
very high frequencies.22 Although skin depth is
mostly related to electromagnetic radiation, it is

Fig. 2. SEM images of Ca2.5Ag0.3RE0.2Co4O9 with 9 50,000 magnification, RE: (a) Sm, (b) Yb, (c) Eu, and (d) Dy.

Fig. 3. Flowchart of the proposed model to present the steps.
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considered to be an effective parameter in obtaining
preliminary information about the capacity of semi-
conductors to generate energy, which constitutes
the focus in this study.

The most important goal here is to establish a
relationship between the capacity to produce energy
and the parameters (permittivity, conductivity, and
skin depth) of a semiconductor material to be
determined. The behavior of a TEM is estimated
based on the predicted findings using electrical
properties to decrease the cost of production. For
this purpose, a model was developed to predict test
results and reduce cost and process time. Thus, it
was shown that thermoelectric modules could be
considered in terms of energy efficiency to generate
cost-effective TEMs and electricity in a short time.
Consequently, new TEMs may be produced using
the estimation values obtained from the proposed
model in this study.

MATERIALS AND METHOD

When semiconductors are doped with other ele-
ments and heated, they can become efficient mate-
rials to fabricate thermoelectric modules and
generate electricity. Firstly, the parameters repre-
senting the determinative properties of a semicon-
ductor were discussed, and the production process of
TEMs was then designed to form TEGs.

Electrical Properties of Semiconductors

The parameters of permittivity, permeability and
electrical conductivity are commonly known as the
electromagnetic properties of a material. When
electromagnetic radiation passes through a mate-
rial, two situations can occur due to the interaction
between the material and the radiation: a part of
the energy is stored in the material, and another
part is lost from the electric field. Basically, the real
part of complex permittivity represents the distinc-
tive property for each material that maintains
separated charges. On the other hand, the imagi-
nary part of complex permittivity indicates the
distinctive property for each material that allows
charges to move.23,24

The complex permittivity in semiconductors is
caused by electron transition (from valance band to
conduction band) or electronic polarization.25 Gen-
erally, the permittivity of a semiconductor is given
as in Eq. 1,15

e ¼ e0 er � je00r � j
r
xe0

� �
¼ e0er 1 � j tan dð Þ ð1Þ

where e0 is the permittivity value in free space, er is
the real permittivity value of a semiconductor, r is
the conductivity, and x is the angular frequency.
However, tan d may be described as the effective
loss tangent of a material as given in Eq. 2:

tan d ¼ tan dd þ
r

xe0er
ð2Þ

Here tan dd is described as the loss tangent
dependent on pure mechanisms (electronic and
ionic polarization, etc.) of the semiconductor.

Electrical conductivity is crucial to measure the
material’s capacity to conduct electric current. This
parameter (represented by sigma-r and measured by
Siemens per meter, S m�1) may be described as the
movement of charged particles. In this context, the
resistivity of semiconductors may be changed by an
externally applied electric field. The effect of electri-
cal conductivity may be ignored at high frequencies
since its value is inversely proportional to frequency.
While this approach is applicable to non-conductive
materials, there is an exceptional case for metals. The
relationship between electrical conductivity and the
temperature in a semiconductor material is described
as an increasing conductivity when temperature is
increased. Thus, the temperature will cause an

Fig. 4. Comparison of the electrical conductivity and skin depth
parameters for lanthanide elements.

Fig. 5. Comparison of the electrical conductivity and dielectric
constant parameters.
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increase in the conductivity of a semiconductor by an
increase in the density of charge carriers. On the
other hand, in a high temperature regime for semi-
conductors, electrical conductivity will increase
depending on electron concentration.26–28

Two factors, free-carriers concentration and
mobility, affect the electrical conductivity of a
material. Importantly, both carrier concentration
and mobility are temperature-dependent. Further-
more, electrical conductivity is dependent on the
band gap of a semiconductor and temperature. Total
electrical conductivity in intrinsic semiconductors
may be described as the sum of conductivities of the
conduction and valance band carriers which are
electrons and holes. In this context, the electrical
conductivity in intrinsic semiconductors is stated as
given in Eq. 3,26–28

r ¼ neqele þ nhqhlh ð3Þ

where l is the mobility, q is the charge, and n is the
concentration. Additionally, e and h are used to

denote the electrons and holes, respectively. More-
over, electrical conductivity may be expressed as a
function of temperature as in Eq. 4,29

r ¼ ro exp
�DE
kBT

� �
ð4Þ

where ro is the constant of the pre-exponential, DE
is the thermal activation energy of conductivity, kB
is the Boltzman constant, and T is the temperature.
In a different way, electrical conductivity may be
defined as in Eq. 5:

I ¼ rVA
L

ð5Þ

Here A is the cross-sectional area, L is the length,
V is the applied voltage, and I is the electric current.
As an alternative to the formulae given above, it is
possible to reach different versions of permittivity
and electrical conductivity formulae. However, in
general, these formulae are used to describe the
electrical conductivity and permittivity parameters.

The skin depth (effect) in materials is an impor-
tant parameter for lower frequencies. However, this
parameter is neglected for frequency ranges of
microwave and millimeter waves, since the electro-
magnetic field does not penetrate inside a material
bigger than a micrometer. Therefore, skin depth is
related to the frequency band, as well as the
material’s type and geometry. Furthermore, it is
directly proportional to the material’s resistivity.
Therefore, the resistivity of a material increases
when skin depth decreases. However, an increase in
resistivity is not desirable for TEMs. Moreover, the
power capacity of a material decreases with a
decrease in skin depth. On the contrary, power
concentration on the surface increases with decreas-
ing skin depth. Nevertheless, the skin-depth theory
is related to Maxwell’s equations for isotropic
media. Skin depth is usually defined as in Eq. 6:21

d ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pflrðTsÞ

p
ð6Þ

Table II. Determination of zT values for TEMs at different temperatures

No. Composition

Temperature (�C)

200 300 400 500 600 700 800

p-type
1 Ca2.5Ag0.3Nd0.2Co4O9 0.18 0.23 0.29 0.34 0.39 0.42 0.52
2 Ca2.5Ag0.3Sm0.2Co4O9 0.17 0.24 0.31 0.36 0.43 0.54 0.51
3 Ca2.5Ag0.3Er0.2Co4O9 N/A 0.19 0.24 0.30 0.36 0.41 0.54
4 Ca2.5Ag0.3Yb0.2Co4O9 0.01 0.17 0.32 0.37 0.38 0.43 0.47
5 Ca2.5Ag0.3Eu0.2Co4O9 0.15 0.19 0.27 0.35 0.45 0.49 0.57
6 Ca2.5Ag0.3Lu0.2Co4O9 0.15 0.22 0.29 0.35 0.41 0.48 0.50
n-type
1 Zn0.96Al0.02Ge0.02O 0.02 0.04 0.01 0.01 0.02 0.03 0.04
2 Zn0.96Al0.02Ga0.02O 0.02 0.03 0.05 0.07 0.10 0.13 0.17
3 Zn0.96Al0.02In0.02O 0.01 0.02 0.03 0.04 0.06 0.09 0.12

Fig. 6. Comparison of the electrical conductivity and dielectric
constant parameters.
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Here f is the frequency, l is the magnetic
permeability, r is the electrical conductivity of a
semiconductor, and Ts is described as the surface
temperature of the semiconductor. As seen in Eq. 6,
skin depth decreases when frequency increases.

The rounding values of the parameters that were
used in this study are given in Table I. The real part
of the permittivity (relative permittivity or dielec-
tric constant) values of each element could not be
found (not available, N/A) in the literature. There-
fore, the values of these parameters were added
partially and were collected at around a 300 K.
Before the slash sign in the permittivity column, the
values in the microwave (mw) frequency range are
presented. The values that are presented in brack-
ets of lanthanide elements are for oxide structures.
In the same column after the slash sign, the
negative (or positive) values of the dielectric con-
stant parameter between 200 nm and 1000 nm of
wavelength range (infrared, IR) are added to
demonstrate different approaches for estimating a
model, since the dielectric constant values of metals
depend on external electromagnetic fields.30–39

When frequency increases, this parameter may
become negative. In other words, electromagnetic
radiation is reflected by metals. When frequency
increases even higher, the dielectric constant
parameter becomes positive. Moreover, it should
be noted that the relative permittivity of all metals
at low frequencies (kHz or MHz) is around 1.

Fabrication and Characterization of TEMs

A semiconductor, which has two bands (valance
and conduction bands with a forbidden gap), is a
material that has an electrical conductivity between
those of a conductor and an insulator. It needs
external energy (e.g. in heat form) to move the
electrons from the valance band to the conduction
band.6 When TEMs are connected electrically in
series and thermally in parallel, the charge carriers
(electrons and holes) diffuse from the hot side to the
cold side of a TEG to compose an effective voltage.
To date, oxide TEMs have attracted great attention
since they have low toxicity and are chemically
stable in air at high temperatures.6,7

There are some methods to produce bulk TEMs
such as cold pressing (CP), spark plasma sintering
(SPS), solution combustion (SC) and hot pressing
(HP) after obtaining a powder form by the solid-
state reaction, sol–gel, self-ignition, polyacrylamide
gel and wet chemical methods.6,7 Co complexes (due
to higher crystallinity) have been found to show
higher conductivity than Ni complexes.29 Because of
these characteristics, oxide TEMs are expected to
have good energy efficiency. To demonstrate the
predictive ability of the proposed method, p- and n-
type TEMs were produced using the sol–gel method.
Nitrate salts of the specified elements were used in
stoichiometric ratios as the starting materials.

Distilled water was used as the solvent to dissolve
each precursor to be fully dispersed and form
homogenous solutions. After dispersion of the pre-
cursors, the solutions were mixed and magnetically
stirred at 100�C to obtain the final homogeneous
solutions. Xerogel formation was achieved by add-
ing citric acid monohydrate into the solutions as the
chelating agent. After gelation, the obtained xerogel
was dried at 200�C for 2 h to remove moisture and
undesired gases. Before x-ray diffraction (XRD)
analysis, the dried powders were calcined at 800�C
for 2 h to obtain target phases. The XRD patterns of
the final powders were identified by a Thermo
Scientific ARL model x-ray diffractometer using Cu
Ka irradiation (wavelength, k = 1.540562 Å) in the
range of 5� £ 2h £ 90� at a speed of 2�/min.

The pre-shaped samples were consolidated by CP
at 1100 MPa. As the next step, the samples were
subjected to heat treatment for 24 h at 900�C to
obtain consolidated bulk samples (Fig. 1). The sur-
face morphologies and microstructures of the bulk
samples were observed by a Zeiss Ultra Plus Gemini
model scanning electron microscope (SEM). The
thermopower and electrical resistivity of the sam-
ples were measured by a Linseis LSR-3 system. The
thermal conductivity values of the materials were
calculated using Eq. 7,

j ¼ aqcp ð7Þ

where j is the thermal conductivity, a is the thermal
diffusivity, q is the density, and cp is the specific
heat capacity of TEMs.6 The thermal diffusivity
values of the bulk samples were measured by a
Netzsch LFA 457 MicroFlash Apparatus via the
laser flash method. The specific heat capacities of
the samples were determined by using the law of
Dulong and Petit, and the densities of the bulk
samples were measured using Archimedes’ princi-
ple. The figure of merit (zT) values, which are
efficiency expressions of TEMs, were calculated by

zT ¼ a2T

qj
ð8Þ

where a is the thermopower, q is the electrical
resistivity, T is the absolute temperature, and j is
the total thermal conductivity.6

The SEM micrographs of the Ca2.5Ag0.3RE0.2-

Co4O9 (RE: Sm, Yb, Eu and Dy) samples are given
in Fig. 2, revealing that the samples were in a plate-
like structure exhibiting a layered crystal structure
in accordance with the crystal structure of
Ca3Co4O9. Ca2.5Ag0.3RE0.2Co4O9 particles were
intergrown, so that clear boundaries were not
observed. Additionally, the bulk samples had porous
structures indicating lower experimental densities
of 3.80 g/cm3 on average with a relative density of
81%. According to the SEM images, these results
were in accordance with the particle size distribu-
tion, surface area and unapparent grain boundaries.
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In fact, 17 compositions were fabricated during
the experiments, but analysis results of nine com-
positions were added to Table II. As seen in Table -
II, the elements Ca, Ag, Co and O were common for
p-type compositions. Likewise, Zn, Al, and O were
common for n-type compositions. Therefore, the
proposed model would be composed of and compared
using rare-earth elements (lanthanide group).

In addition to Table II, the values of the gener-
ated energy were measured at 700�C and 800�C,
respectively, for La (0.47 and 0.48), Pr (0.34 and
0.58), Gd (0.33 and 0.19), Dy (0.22 and 0.25), Tb
(0.27 and N/A), Ho (0.50 and N/A), Ce (0.21 and
0.21) and Y (0.34 and 0.17).

Characterization of the produced materials was
carried out to verify proper doping with formation of
target phases. Dual-doped samples were investi-
gated based on their thermopower values to be used
at high temperature applications. It was deter-
mined that the thermopower of the samples
decreased by increasing electron concentration due
to the doping process.

The experimental results were used to demon-
strate the predictive capability of the proposed
model. In order to show the determinative proper-
ties of the selected parameters, the characterization
results of the produced TEMs were compared to
values found in the literature as supporting find-
ings. The first part consisted of experimental stages,
while the second part showed the working principle
of the proposed model. To summarize the proposed
model, a flowchart was prepared as shown in Fig. 3.

The k-means technique is commonly used for
clustering problems and very popular for data
clustering. It divides a composed data set into k-
groups. This process continues by choosing the
initial cluster (k) centers. The cluster number
should be determined by the user before analyzing
the data set. The Euclidean squared distance is
simply used by this algorithm. The goal of the
algorithm is to minimize the distribution within the
cluster to perform the best classification.24,40 Thus,
the relevant materials in the data set may be
identified based on their common characteristics.
Additionally, an easy to use k-means algorithm is
available in many program packages.

RESULTS AND DISCUSSION

It was found in previous studies that electrical
conductivity and permittivity are temperature-de-
pendent. We focused on the approach that TEGs are
a kind of application where the electrical and
thermal properties of semiconductor materials are
used. When the data given in Tables I and II are
examined, it may be seen that a relationship
between electrical conductivity and skin depth could
be established. According to the theoretical infor-
mation, electrical conductivity is expected to
increase while the value of skin depth decreases
before the production process of TEMs. However,

the skin depth value should increase since the
resistivity parameter is the inverse of conductivity.
Furthermore, the power capacity of the material
will increase as the skin depth of it increases
depending on conductivity. Thus, independent from
the thermal properties, a comparison may be made
between the components of TEMs and the conduc-
tivity parameter.

In each composition, instead of the elements used
as common (Ca, Co and Ag), doped elements (lan-
thanide group for p-types) were also considered. The
reason was that the dielectric constant of the
Ca3Co4O9 structure was considered as a giant value
of 1.38 9 104 (at 1 kHz).36 Furthermore, the goal of
the study was to investigate the effects of different
doping materials. Moreover, the conductivity values
of the elements Ca, Ag and Co are higher than the
others. However, the skin depth values were lower
for these elements. Anyway, the electrical conduc-
tivity value was more important than the skin depth
value.

As seen in Table II, the best doped materials were
expected to be Eu, Sm, Yb and Er. There was a
compatibility between the electrical conductivity
and skin depth parameters of these four elements in
the lanthanide group. When skin depth increased,
they would have higher conductivity. However, the
presence of a few elements in the same situation
makes it difficult to determine which element is
better. Therefore, it is expected that the materials
will be classified in relation to their properties by
the well-known method of k-means. In this context,
the classification process was applied for 13 differ-
ent lanthanide elements except Y. First of all, it was
possible to classify the elements that were the most
similar to each other using the electrical conductiv-
ity and skin depth parameters, and the results are
shown in Fig. 4. The y-axis of the plot was revised
by multiplication by 100 for visualization.

As shown in Fig. 4, all groups were automatically
generated by the k-means algorithm. As only two
parameters were compared at this stage, the pres-
ence of the Ce and Dy elements in Group 1 (black) as
an unexpected situation made the proposed method
unsuccessful. On the other hand, when we refer to
Group 1, it is understood that Group 2 (red) formed
by the Gd and Tb elements should not be preferred.
It also appears that Group 4 (blue) may be used in
TEM compositions as an alternative to Group 1
(black). This situation was also confirmed by the
values shown in Table II. The reason why Group 3
(green) was out of place was that its electrical
conductivity was higher than those of the other
elements. The reason for not being included in
Group 1 (black) was the low skin depth value of it
(Yb).

In order to eliminate the negative situation
caused by the co-evaluation of the two parameters,
the real part of permittivity given in Table I was
included in the k-means algorithm as a new vari-
able. The results that were obtained are given in
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Fig. 5. The data in brackets (before the slash sign)
given in Table II were used to illustrate the effects
of the oxide states of the preferred materials.

With the effect of the new parameter (dielectric
constant), the Ce and Dy elements in Group 1
(black) emerged in different groups. The emergence
of Dy in Group 2 (red) in accordance with the result
shown in Table II showed the success of the newly
added parameter. However, since the element Ce
was found in Group 4 (blue), which was an alterna-
tive to Group 1 (black), this suggested that the
proposed model should be supported by a new
variable. When different values of the dielectric
constant were used for the classification process the
by k-means algorithm, the results shown in Fig. 6
were similar to those shown in Fig. 4 (based on skin
depth). The values that were used for this step
(Fig. 6) were sorted as La 14.77, Ce 14.6, Pr 14.43,
Nd 14.27, Sm 13.93, Eu 13.77, Gd 13.6, Tb 13.43, Dy
13.27, Ho 13.1, Er 12.93, Yb 12.6 and Lu 12.43.37,38

As seen in Fig. 6, the success of the proposed
model was moderate. Therefore, either a new
parameter must have been added, or the literature
values should have been determined as the most
accurate ones. For this purpose, it was necessary to
accurately determine the properties of the materials
using the measurement methods of microwave
measurement or Terahertz-Time Domain Spec-
troscopy/THz-TDS systems. Furthermore, it was
not possible to create a data set, which would
require the use of the k-means algorithm, since the
n-type TEMs were produced with three different
elements.

Since the preferred parameters in the proposed
model were frequency-dependent, the frequency
range of the application was important. Therefore,
it was crucial to measure each material to be
preferred with the appropriate spectroscopy method
(microwave, millimeter wave or THz frequency
range) in the corresponding frequency range. When
these parameters are measured or obtained cor-
rectly, they can provide valuable information for
engineers and scientists to properly use semicon-
ductors for TE modules in their design and produc-
tion processes. Although the real part of the
complex permittivity values given in Table I had
different values at different frequencies, this is
affected by the materials with the best results with
regards to the selected frequency region. Thus,
knowing the properties of materials would provide
an estimation of how much energy capacity will be
generated by the TEGs to be produced. On the other
hand, doping amounts affect the permittivity and
electrical conductivity values of compounds.

In the proposed model, the preferred parameters
were evaluated independently and compared to the
experimental results. These parameters, which
were selected for the characteristics in this study,
enabled the recognition and use of a semiconductor
material. Simulation results were aimed to be
associated with temperature increase, which is the

working principle of TEGs. Although the tempera-
ture and frequency changes affected permittivity
and conductivity, the values of these parameters
were compiled at a constant temperature (nearly at
300 K), and the measurement results were sup-
ported by the simulation results.

When the simulation and experimental results
were evaluated together, it was shown that the
compound, which was intended to be formed before
producing a new TEG, could be found to be highly
efficient or not. However, the importance of ther-
mopower should not be forgotten. The parameters
that were used in this study were evaluated inde-
pendently from the thermopower, and the signifi-
cance of the selected parameters was revealed by
using the experimental results.

CONCLUSION

Unlike conventional energy generating devices,
TEMs may be connected to each other without any
moving parts. Before the production of new TEMs,
the proposed model for predicting which semicon-
ductor material could increase energy efficiency was
supported by the experimental results. Using elec-
trical properties without accounting for the effects
of temperature, an estimated approach for the
energy generation capacity of TEGs was demon-
strated. It was stated that the permittivity, conduc-
tivity and skin depth characteristics of
semiconductors may be useful before proceeding
with the production and testing steps, which are
expensive processes. Thus, the energy efficiencies of
the p- and n-type TEMs were shown and supported
by the experimental results. Accordingly, thanks to
the proposed method, the workforce and cost would
be significantly reduced, and time would be saved.
Therefore, before designing a TEM, the electrical
and optical properties of conductive and semi-con-
ductive elements must be examined, and the mate-
rials to be used should be determined. Therefore,
the measurement process should be performed with
a THz-TDS system in a wide frequency range, and
the characteristics of each material should be
discussed. Thus, it will be easier to access the
missing information in the literature. Additionally,
if the material is measured in the THz frequency
region, the proposed method can be applied for other
material systems, because it is possible to determine
the relevant parameters of the materials as a
distinct fingerprint in the specified frequency
region.
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