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Abstract
In this work, we design, construct, and program a semi-automatic system for electrical
properties measurement such as resistivity, carrier concentration, mobility and carrier type
by van der Pauw and Hall effect methods. All the apparatus were controlled by LabVIEW
programto acquire the measurement data. Furthermore, the programming software of the
semi-automatic system can show a real-time graphical measurement and converse to the
resistivity, carrier concentration and mobility. The system was calibrate by using standard
samples that have electrical parameters by certificate measurements from Institute of
Electronic Materials Technology 01-919 WARSZAWA uL.WOlczyﬁska 133. Standard samples
are GaSb:Te (n-type)(certificate measurements temperature 300 K) and GaSb:Si (p-
type)(certificate measurements temperature 77 K)in addition, the system was used to
measure and calculate electrical properties of CuAl0.9Fe0.102. It wasfoundthatthesemi-

automatic system has high the precisionand acceptable accuracy.

Keywords : Semiconductor, Van der Pauw, Hall system,LabVIEW
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31]“?13.3 Current source Keithley Model 2410
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HA0.99946
to
1.00054mA
19.9870 to
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to 1.00360
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3.1.4 Keithley 2100 Digital Multimeter
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Function Range Resolution Input Resistance | 1 Year, 23°C +£5°C
100.0000 mV 0.1 pv >10 G£2 0.0055 + 0.0040

1.000000 V 1.0 pVv >10 GC2 0.0045 + 0.0008

DC Voltage 10.00000 V 10 pV >10 G2 0.0038 + 0.0006
100.0000 V 100 pV 10 MQ 0.0050 + 0.0007

1000.000 V 1 mV 10 MQ 0.0055 + 0.0010
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1. Rgacp = Ven/Iga
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5.Rcepa = Vpa/lce
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Abstract Sintering temperature is a key parameter that
affects thermoelectric properties. In this study, a suit-
able temperature to synthesize thermoelectric properties of
low-cost delafossite CuAlgggFey 100, was investigated
through the sintering of CuO, Al,0; and Fe,O; mixed
powder at 1333, 1423 and 1473 K. The optimum sintering
temperature is at 1333 K, where the single-phase CuAlO,
and the highest dimensionless figure of merit of 0.014 at
the measured temperature of 873 K were observed.
CuAlO, with trace amounts of CuQ, and CuAl,O, and
CuO were found at the sintering temperature of 1423 and
1473 K, respectively. The highest Seebeck coefficient and
thermal conductivity was at the sintering temperature of
1473 K, with the maximum electrical conductivity and
power factor at the measured temperature of 873 K of
570 " em™" and 9.81 x 107> Wm™' K2, respectively.

1 Introduction

Thermoelectric materials with high thermal energy con-
version efficiency are crucial for thermoelectric power
generation, the refrigeration of electronic devices, com-
bustion engines, concentrated solar radiation sources and
furnaces. In general, the performance or properties of
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thermoelectric materials depends on the temperature gra-
dient (A7) and the figure of merit (Z) and is described by
the dimensionless parameter (ZT) and power factor (PF)
[I-8]. The PF is the relationship between the Seebeck
coefficient and the electrical conductivity, which can be
written as PF = S$%a, where S is the Seebeck coefficient
and ¢ is the electrical conductivity. When PF is divided by
the thermal conductivity, &, the result is Z. The product of
Z and absolute temperature (7) is Z7. High electrical
conductivity, high Seebeck coefficient and low thermal
conductivity result in high Z, which indicates good ther-
moelectric performance, as the Seebeck coefficient, elec-
trical conductivity and thermal conductivity are interrelated
[5-7]. The improvement of the thermoelectric performance
requires the compromising of these thermoelectric prop-
erties. Yet according to the dimensionless parameter ZT,
thermoelectric performance can also be improved by
increasing the temperature gradients.

Due to poor chemical and physical stability under high
temperature in air and a relatively high level of toxicity of
thermoelectric materials in the chalcogenides group, ther-
moelectric oxide materials, including CuAlO,, have been
investigated as optional thermoelectric  materials
[4-6, 9-15]. Although thermal and chemical stability at
high temperature in air is high, with a low manufacturing
cost, the thermoelectric performance is lower than that of
semiconductor alloys [4-6, 8].

To date, delafossite CuAlO, has been studied by many
researchers. Its thermoelectric properties were first studied
in 2001 [16]. Conventional processes, such as solid-state
reaction and a sintering process at temperatures in the
range of 1323-1623 K, were applied to synthesize the
delafossite structure of CuAlO, with a low cost
[2, 5, 17-19]. An approach to increase thermoelectric
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Fig. 2 XRD patterns of the sintered CuO, Al,O5; and Fe,O; mixed
powder at a 1333 K, b 1423 K, and ¢ 1473 K

and CuAl;O,. This change of delafossite CuAlO, is the
reversed solid-state reaction as written in Eq. (2) [22].

2CUA102 g 1/202 < CI.IA1204 + CuO (3)

Single phase CuAlO, will occur when the sintering
temperature is lower than 1353 K. In this study the sin-
tering temperatures where an exothermic reaction occurred
are at 1423 and 1473 K yet they depend on the influence of
the sintering temperature on the microstructure and ther-
moelectric properties of sintered CuAlggoFeq 100-.

3.2 Effects of sintering temperature on grain size
and porosity

The SEM images shown the grain size of synthesized
CuAlpgpFeg 100, at various sintering temperatures is
illustrated in Fig. 3. The grain size and porosity as a per-
centage of sintered CuAlygoFeq 100, at 1333, 1423 and
1437 K are summarized in Table |. It can be seen that the
grain size increased with the sintering temperature, which
agrees with the study of Ashlyn Kirupa et al. [23]. As the
grain size increased, the density of the samples increased;
hence the porosity decreased. This is because most pores
were located at the grain boundaries [1].

3.3 Thermoelectric properties of synthesized
CuAly90Fep.1002

Considering the Seebeck coefficient of sintered CuAlggq.
Fep 100, samples at 1333, 1423 and 1473 K as shown in
Fig. 4a, the Seebeck coefficient of sintered CuAlgog.
Feg.100, as a function of measured temperature decreased
from room temperature up to 475 K then started to increase
at 873 K. The decrease of the Seebeck coefficient is due to
the increase of carrier density while the increase of the
Seebeck coefficient is because of the decrease in density of
the carrier [ 1]. The decrease of carrier density is caused by
the collision between the carrier and the dopant atom at a
higher temperature, in this case at more than 873 K. The
changes in the Seebeck coefficient as a function of mea-
sured temperature are in accordance with conventional
semiconductor theory [24] and the change in the Seebeck
coefficient is a function of carrier concentration and scat-
tering factor as reported by Park et al. as follows [I]:

S~r—Inn, (4)

where r is the scattering factor and n. is the carrier
concentration.

The Seebeck coefficient as a function of sintering tem-
perature was found to increase with the sintering temper-
ature. The increase in the Seebeck coefficient is due to the
insulating properties of CuO and spinel CuAl,O,4, which
are well-known insulators. The CuO phase lowers the
carrier concentration by hindering the transportation of the
carrier [25, 26]; hence the Seebeck coefficient is higher, as
shown in Eq. (4).

The change in the Seebeck coefficient with the sintering
temperature does not affect the pore phase or bulk density.
The effective medium theory (EMT) can quantitatively
explain the effect of pore phase on the Seebeck coefficient
in terms of thermal and electrical conductivities. This EMT
of the Seebeck coefficient of a two-phase composite system
for the porous Bi,Te; bulk has been recently described by
Zhao et al. as follows [27]:

6k(S:D;)

S§=— 5
T = 3(kDy) ©)
with D; — mpi—ss.

The effective thermal and electrical conductivities of the
two-phase composite system can be estimated by the EMT
as (g5 =0 and (Z57) =0, where the subscript
i and <> denote the ith phase and volume average of the
property parameters, respectively. Both the thermal and
electrical conductivities of the pore phase are considered to
be zero. Therefore, it could be implied from Eq. (5) that the
pore phase has little or no influence on the Seebeck coef-
ficient compared with the carrier density.
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Fig. 4 a Seebeck coefficient of CuAljgoFeq 100, samples sintered at
various temperatures—1333, 1423 and 1473 K, b Electrical conduc-
tivity of CuAlgggFep, 100, samples sintered at various temperatures—
1333, 1423 and 1473 K

Es = Er — Ey. Therefore, Eq. (8) can be written as in
Eq. (9) below.

n

Eg for one electronic charge constant is the slope of the plot
of the Seebeck coefficient as a function of 1000/T as shown
in Fig. 5a. The Eg is depending on the sintering tempera-
ture, which implies that free charge carriers are easier to
ionize for the conduction mechanism at a lower sintering
temperature, in this case at 1333 K.

Electrical conductivity, which is known to be as
Eq. (10)

.
0 = Gpexp (Ef) (10)

with the Arrhenius plot, E; can be determined as the slope
of the Inc and 1000/T as shown in Fig. 5b. The activation
energy for conduction at the three sintering temperatures is
in the same range, with an average of 109.43 meV.
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Fig. 5 a Activation energy for the production of free carriers (Eg) at
various sintering temperatures of 1333, 1423 and 1473 K, b Activa-
tion energy for conduction (E,), at various sintering temperatures of
1333, 1423 and 1473 K, shows the average E of 109.43 meV

According to Eq. (7), E,, can be calculated using the
known Eg and E estimated from the slopes of the Seebeck
coefficient and Inc versus 1000/T. The relationship
between E,, and p can be written as in Eq. (11) as [ollows
[29, 30]:

Aex —Eu

= Ae. —

H P T

where A is a constant.
It can be implied that E, is mainly influenced by Eg,

rather than E. E, tended to decrease with increasing sin-

tering temperatures in the range studied. As E,, decreased,
carrier mobility, u, increased; hence the electrical

(11)
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Fig. 8 Dimensionless figure of merit (ZT) of CuAlgygeFeq 1002
samples sintered at various temperatures—1333, 1423 and 1473 K

with the study of Park et al. that the density of sintered
CuAlO, at 1473 K is higher than that sintered at 1433 K
[1].

Porosity, which is a function of sintering temperature,
also contributes to thermal conductivity. The relationship
of thermal conductivity with porosity can be written as in
Eq. (13) below [33]:

k = ko(1 — P) (13)

where ky is the thermal conductivity at the theoretical
density and P is the porosity. The porosity varies inversely
with the sintering temperature. Therefore at a higher sin-
tering temperature, thermal conductivity is higher than at a
lower sintering temperature. In this study, the sintered
sample at 1473 K is observed to have higher thermal
conductivity than those at 1423 and 1333 K.

The highest dimensionless figure of merit of 0.014 is at
1333 K, while the lowest dimensionless figure of merit of
0.011 is at 1473 K, as shown in Fig. 8. The dimensionless
figure of merit is the multiplication of the figure of merit by
the absolute temperature and varies directly with its power
factor and inversely with thermal conductivity. Although
the highest power factor is at 1473 K, thermal conductivity
is also the highest at 1473 K at the measured temperature
of 873 K. Consequently, the calculated dimensionless fig-
ure of merit increases with decreased sintering temperature.
Therefore the optimum synthesized temperature for
CuAlggoFeq 1002 according to this study is 1333 K.

4 Conclusion

An optimum sintering temperature for delafossite
CuAlp.goFeq 1002 with good thermoelectric properties at
low cost turned out to be 1333 K. Three sintering tem-
peratures of 1333, 1423 and 1473 K were chosen according

to the DSC/TGA analysis. The endothermic reaction
occurred due to the solid-state reaction that formed
CuAlO,. The exothermic reaction, which is the reversed
solid-state reaction that was observed, changed the
delafossite CuAlO; to CuO and CuAl,0,. The grain size of
sintered CuAlggoFep 100, increased while the porosity
decreased with the sintering temperature. Thermal con-
ductivity reached its maximum at the sintering temperature
of 1473 K and measured temperature of 873 K, as the
porosity is the lowest for the sintering temperatures in the
range studied. The Seebeck coefficient was found to
increase as the sintering temperature increased. The See-
beck coefficient increased with the sintering temperature
because of the insulating properties of CuO and spinel
CuAl,O,4 from an exothermic reaction at higher sintering
temperatures in the range studied. Electrical conductivity
and power factors reached the maximum of 5.7 Q' cm™
and 9.81 x 107° Wm™' K2, respectively, at the sintering
temperature of 1473 K and the measured temperature of
873 K. The highest dimensionless figure of merit was
estimated to be 0.014 at 1333 K.
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