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Within the temperature range 186-424 K, the rate of change in the thermoelectric power as a function
of temperature of the CulnGaSe2 compound is measured. The CulnGaSez compound was crystallised
using a modified Bridgman process. According to measurements, the crystals’ conductivity was p-type.
The relationship between thermoelectric power, charge carrier concentration, and electrical conductivity
was investigated. Several physical characteristics, including mobilities, diffusion coefficients, diffusion
lengths, effective masses, and carrier relaxation times, were determined using the experimental data.
These characteristics reveal the semiconductor’s overall behaviour. Our results show that as-grown
CulnGaSex crystals are generally p-type and can be potential candidates for thermoelectric power

(2022)

generation.
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1. Introduction

The principle of directly converting heat to elec-
tricity is not new. Thomas Seebeck, a German
physicist, discovered it in 1822. He found that when
two different conductive materials (iron and copper)
are coupled in a closed circuit, and two contacts are
held at different temperatures, an electric voltage is
formed. When the two contacts are thermoelectri-
cally connected, a phenomenon known as the See-
beck effect develops.

In recent years, growing concern about environ-
mental issues such as emissions, and particularly
global warming and energy resource scarcity, has
resulted in substantial research into novel electrical
power generation methods [1]. Due to their unique
characteristics, thermoelectric generators have be-
come a viable alternative to green technology. With-
out considering the cost of thermal energy intake,
thermoelectric power generation has possible appli-
cations in directly converting waste heat energy to
electrical power. The efficiency of the total energy
conversion system is improved by using this alterna-
tive green technology to directly transform waste-
heat energy into electrical energy [2].

Semiconductors have a variety of beneficial
features that can be applied to a wide range of
high-performance devices in sectors such as elec-
tronics and optoelectronics. Because of its multiple
advantages, the I-IIT-VI; family of semiconducting
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compounds, which includes Culn;_,Ga,Ses
(CIGS), has been widely used in photovoltaics.
Copper indium gallium diselenide (CIGS) may be of
interest for solar cell applications. In recent years,
photovoltaic power generation technology based
on Cu(In,Ga)Ses has been greatly improved [3-6].
Over 23% efficiency in power conversion has been
achieved [7, 8] due to the polycrystalline nature
of the absorber. The fundamental issues of CIGS
technology in terms of absorber layer characteris-
tics and system design for next-generation solar
cells have already been recognized [9]. Because of
its high light absorption and tunable bandgap,
Cu(In,Ga)Sey (CIGS) is the best material option
for solar cells, though future performance enhance-
ments will have to rely on nanostructures, which
have received a lot of attention in recent years [10].
As a result of the investigation into the thermoelec-
tric power of CulnGaSey crystals, this paper gives
detailed data on the basic physical characteristics.
This study provides, exacts, and directs data on
mobilities, diffusion coefficients, diffusion lengths,
effective masses, and carrier relaxation durations.

2. Experimental

In the solid-state laboratory, CulnGaSey crys-
tals were produced from a melt using the Bridg-
man process. For crystal formation, a unique design
was adopted. This design shows that the driving
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force necessary to move a filled silica ampoule is
equal to the drop in the water level in a particular
container, which indicates the velocity of motion.
The design philosophy, as well as the procedure de-
tails, were previously disclosed [11]. The samples
obtained were high-quality crystals that were brit-
tle and had a layer structure. The X-ray diffraction
technique was used to check the crystal perfection.
The index data of the American Society for Test-
ing Materials (ASTM) cards were compared to the
diffraction for these materials. According to these
X-ray measurements, the crystals show a high de-
gree of crystallinity, indicating that the preparation
procedure is sufficiently reliable and satisfactory.

The sample was prepared in the required size
of 12,5 mm in diameter and 3.2 mm in thick-
ness, supported vertically by two holders, with the
lower one acting as a heat source and the other
as a heat sink, and then placed within a high vac-
uum tight calorimeter developed specifically for this
purpose [12]. A thin film of mica separated the
sample from the holders. For thermoelectric power
(TEP) measurements, an evacuated working cham-
ber (103 Torr) was locally constructed and de-
signed to protect the samples from oxidation and
condensation of water vapour at high and low tem-
peratures, respectively. The outer heater discharges
its heat slowly into the specimen environment. The
internal heater is placed at the lower end of the
crystal to control the temperature of the entire sam-
ple and its gradient, which allows measurement in
a wide temperature range. The average of the tem-
peratures at the crystal’s two ends was used to de-
termine its temperature. Simultaneous temperature
and potential deference measurements were taken
in an attempt to improve accuracy. In this work,
a compensating method was employed to measure
voltage without consuming significant current using
a tight potentiometer (UJ33E). We needed the tem-
perature to be distributed uniformly, so we placed
silver paste across the ends of the object in a uni-
form pattern. A two-part holder was utilised to
make the temperature difference along the crystal
in a direction perpendicular to the natural cleavage
plane. More details about the apparatus and tech-
nique of measuring have been published [12, 13].
The experiments were carried out under a vacuum
to eliminate the effects of water vapour condensa-
tion in the low-temperature range and oxidation
in the high-temperature range. Measurements were
taken at a variety of temperatures ranging from 186
to 424 K during this experiment.

3. Results and discussion

The microstructure of the materials has a big im-
pact on their thermoelectric properties. The Fermi
level, which is dependent on the carrier concen-
tration, carrier effective mass, and temperature,
substantially influences the Seebeck coefficient [14],
whereas electronic and morphological defects might
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limit electrical conductivity [15]. The Seebeck co-
efficient was improved by distorting the electronic
density of states and principals to double the power
factor, and it was further clarified that in nanos-
tructure materials, it could provide us with better-
quality outcomes [16]. Figure la shows the fluctu-
ation of the CulnGaSes crystal’s differential ther-
moelectric power as a function of temperature. The
following points are highlighted:

e Within the temperature range of examina-
tion, our sample exhibits p-type conductivity,
which is consistent with our earlier Hall coef-
ficient results [17].

The TEP value for CulnGaSes; mounted at
39.66 1,V /K at room temperature.

The TEP value rises until it reaches its max-
imum value of 99 pV/K, which corresponds
to T = 254 K. As a result of this behaviour,
it was assumed that more holes were created,
which contributed to the increase of the a val-
ues as the temperature went up. The value of
the thermoelectric power drops as the tem-
perature rises, until it reaches a low value of
1.2 uV/K at 329 K, as seen in Fig. la. This
may be due to the presence of some crystal
defects or trapping centers in the direction of
the carrier flow.

In Fig. la, there is a third zone where «
rapidly falls above 340 K.

As the temperature rises, the rate of TEP in-
creases. Such behaviour is predicted in this
intrinsic range, where both carriers (electrons
and holes) contribute to the increase in «
value. The discussion on the outcome can be
split into two parts, namely, the intrinsic and
extrinsic regions.

As aresult, we can estimate a wide range of phys-
ical properties, including the TEP of a semiconduc-
tor. In the intrinsic area, this quantity can be ex-

pressed as follows [18]
%
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where b is the ratio between the mobility of electrons
and holes, kp is the Boltzmann constant, m} and
m,, are the effective masses of electrons and holes,
respectively, and AFE, is the width of the forbid-
den energy band. The electrical conductivity ¢ in
Fig. 1b increases as the temperature rises, indicat-
ing the semiconductor characteristics. The thermal
energy excites free electrons from the valence band
to the conduction band as the temperature rises,
resulting in greater electrical conductivity.

The dependency of « as a function of the recip-
rocal of the temperature inside the intrinsic range
turns out to be a line, as shown in Fig. 2. The car-
rier effective masses and the electron to hole mo-
bility ratio are calculated using the measured ther-
moelectric power and value of AE,. The slopes of
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Fig. 1. Temperature dependence of the studied

samples’ Seebeck coefficient o (a) and electrical
conductivity o (b) for the investigated CulnGaSez
crystal.
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Fig. 2. Temperature reliance of the thermoelectric

power « plotted vs inverse temperature (1000/7)
for the investigated CulnGaSes crystal.

the curves of the thermoelectric power « vs 1/T,
and therefore the intercepts of the curves, are used
to calculate b = p,/p, = 3.23. We can calculate
Un = 25.22 x 107* m?/(V s) from Hall measure-
ments because i, = 13 x 1074 m?/(V s) at room
temperature, which is comparable with the car-
rier mobility in the CulnGaSes photovoltaic devices
measured using high-frequency admittance stud-
ies [19] and my, /m* = 1.53 x 1073,
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Fig. 3. Relation between thermoelectric power a

and In(7T) for the investigated CulnGaSe, crystal.

According to the Einstein relation, the diffusion
coefficient is stated as follows
1% kBT
D==—", (2)
where ¢ is the charge of an electron, kg is the Boltz-
mann constant, 7' is the temperature, and p is the
charge carrier mobility.

At room temperature, the diffusion coefficients
for majority and minority carriers were calculated
and determined to be D, = 0.45 x 107* m?/s and
D,, = 0.81 x 10~* m? /s, respectively. These values
are in line with what is found in the literature on
CuzZnSnSey [20].

Wilson [18] proposed another formula to be used
in the extrinsic region in order to make better use
of the phenomenon

3
o= "B Ph
e
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In Fig. 3, the relationship (3) between a and In(7T)
is represented. In the impurity region, this rela-
tionship reflects a straight-line relationship. As the
temperature rises, the thermoelectric power in the
impurity zone drops sharply. We get m,, = 7.11 X
10729 kg from the intercept of the line (in the ex-
trinsic range) with the a axis. We can explain why
the effective mass of holes is so large. Electron in-
teraction with the lattice, i.e., phonons, results in
the effective mass. A hole spends more time in the
interaction region as its velocity decreases, implying
that holes significantly interact with phonons.

As a result, the effective mass increases. Electron
interaction with the lattice, i.e., phonons, results in
the effective mass. A hole spends more time in the
interaction region as its velocity decreases, imply-
ing that holes significantly interact with phonons.
As a result, the effective mass increases. When we
combine this with the previously mentioned ratio
finding, we get m’ = 3.11 x 103! kg for the mi-
nority carrier’s effective mass. Because the effective
mass values are now available, the relaxation times
for both types of carriers can be calculated.
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Fig. 4. The characteristics of Seebeck coefficient
and the natural logarithm of the charge carrier con-
centration in the investigated CulnGaSes crystal.
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Fig. 5. The characteristics of Seebeck coefficient

and the natural logarithm of electrical conductivity
in the investigated CulnGaSes crystal.

By using 7 = #, the predicted relaxation time
for holes is 7.18 x 10~* ps, while the relaxation time
for electrons is 4.48 x 1076 ps.

The diffusion coefficient is inversely proportional
to the effective mass of carriers, which makes sense
given that the effective mass of holes is greater than
that of electrons. Furthermore, the results show
that electron mobility is substantially higher than
hole mobility, which is acceptable because the ef-
fective mass of holes is much bigger than that of
electrons.

The average distance travelled by an excited car-
rier before recombining can be described as the dif-
fusion length of a carrier type in a material. The
length of diffusion can be calculated as Lp = VDr.
When the diffusion coefficient and relaxation time
are combined, the diffusion length of free charge car-
riers is L, = 0.16 nm and L,, = 0.026 nm for holes
and electrons, respectively. The values are consis-
tent with the literature [21]. Heavily doped semicon-
ductor materials have higher recombination rates
and, as a result, shorter diffusion lengths. The cur-
rent study has been expanded to investigate the

relationship between o and both the carrier den-
sity P and thermoelectric power (in terms of T').
Relying on the formula

3
(27rm;; kBT) kp

kg
(4)

we gain a better understanding of the real parame-
ters influencing thermoelectric power (electric con-
ductivity). The dependency of « on the natural log-
arithm of the charge carrier concentration is shown
in Fig. 4. From this trend, we can deduce that the
effect of charge carriers is a significant determinant
of the fluctuation of «. While we plotting a vs In(o)
for the CulnGaSe, sample in Fig. 5, we saw a sim-
ilar tendency.

The primary conclusion based on Fig. 5 is
that the concentration increases at first, and then
plateaus abruptly. The following relationship [22]
may assist us in comprehending this behaviour

(27r my, kBT)3 kp
- In(o).

()
Here, A denotes the normalized constant, i.e., A =
exp(Er/(kgT)) with the Fermi level Er and the
Boltzmann constant kg, m;, is the effective mass
of the hole, and h is the Planck constant. In the
temperature range T < 408 K, the drop in thermo-
electric power with electric conductivity could be
due to a decrease in carrier density.

Thermoelectric power (TEP) appears to rise with
electric conductivity over 410 K. We may derive
from Figs. 4 and 5 that the variation of a with
respect to external temperature is not a mobility
effect, but rather a concentration effect. The effi-
ciency parameter Z is defined as

Z =d’0/K, (6)
where «, 0, and K are the tested compound’s TEP,
electrical conductivity, and thermal conductivity
(K =5 W/(m K) [23, 24]), respectively, which are
used to select materials for thermocouples, thermo-
electric generators, and refrigerators.

As a result, the most difficult technological chal-
lenge in the development of a successful thermoelec-
tric element is determining how to improve the ma-
terial’s figure of merit (this term refers to a measure-
ment of a thermoelectric element’s performance and
efficiency). The figure of merit for our CulnGaSe,
samples is Z = 16.04 x 10710,

The experimental data treatment sheds new light
on the major physical parameters of CulnGaSes
crystals. TEP data revealed pronounced parameters
that may be used in practical applications.

The electrical performance of thermoelectric ma-
terials is represented in Fig. 6 by the power factor
(PF = 0a?), which is determined from the data in
Fig. 1a and b. As shown in Fig. 6, the power factor
PF is nearly unchanged in the temperature range
of 186-236 K. As the temperature rises from 237 K,

ks
= (At s
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the power factor also increases. The power factor
represents a thermoelectric material’s ability to gen-
erate energy, which increases as the temperature
rises.

4. Conclusions

Using the Bridgman—Stockbarger process,
a large, centimetre-sized crystal of CulnGaSes
was successfully produced, allowing for a careful
analysis of its thermoelectric power (TEP) over
a wide temperature range of 186424 K. The
conductivity of the crystals was identified to be
p-type based on these observations. Electron-hole
mobility has been discovered. It was calculated
what the elective mass of holes and electrons is.
The majority and minority carriers’ relaxation
times were compared. The diffusion coefficient of
holes and electrons, as well as their diffusion length,
were calculated. The figure of merit was calculated.
These studies provide a significant quantity of
information regarding actual behaviour as well as
the potential for practical application.
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