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Abstract

Semiconductors and clay materials have significant applications in environmental, civil engineering and optoelectronic
sectors. The application of an electric field to such systems is subject of many works. However, to understand the behaviour of such
materials under the influence of an electric field, the perception of its electrical properties is essential. In the present study, the
powerful technique of complex impedance spectroscopy (CIS) is introduced to illustrate the electrical characteristics of two types
of disordered semiconducting materials. These are CusIngSes, an ordered defect compound of the I-III-VI, family and a novel
bentonite clay system which is an insulator at room temperature and semiconductor above 400 °C. Na-bentonite has been studied
extensively because of its strong adsorption capacity and complexation ability while CusIngSeys is considered for its use in solar and
phtovoltaique domain. Some of selenides have turned out to be leading materials for electro-optical devices and the tellurides for
thermoelectric power generation. It is very likely that study of bentonite clay and other similar materials may lead to the technology
of heterojunction and clay composite. The frequency dependence of conductivity of bentonite was investigated using an impedance
analyzer in the frequency range (20 Hz — 1 MHz). The experimental data of CIS are analyzed using some analytical methods that
take into account the effect of the grains and grain boundaries. The impedance data confirm the non-Debye behavior in these sys-
tems. Some important parameters related to the identified dominant contribution such as relaxation time and activation energies are
estimated for the studied materials in the considered temperature and frequency ranges.
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1. Introduction

Semiconductors and clays are good candidates for many industrial applications and also for
the understanding of carrier transport phenomena under an external electric field [1—4]. Semiconduc-
tors are used in the design and fabrication of electronic devices and integrated circuits. Also, many
semiconducting materials are used for the conversion of solar energy into electrical energy [1, 2, 5, 6].
Copper ternary chalcopyrite compounds of the family of {Cu, In, Se} such as CulnSe, and CusIngSeyq
with an energy gap and high absorption coefficient of the order of 1 €V and 10° cm™' may act as an
absorber in thin film solar cell [1, 2, 7-12] devices. On the other hand, a variety of nanoparticles of
semiconductors, for example TiO, and ZnO, can be incorporated into clay minerals. This leads to
useful properties of clays for various applications, including water splitting, antibacterial activity, and
photocatalysis [3, 4, 13, 14]. Moreover, semiconducting solids can be more efficient as photocatalysts
instead of nanoparticles of TiO, and ZnO [15-17]. Bentonite is the most important industrial clay
material for its applications in the environmental and civil engineering area. The physico-chemical
modifications of pure bentonite have great importance in the technology of polymer semiconduc-
tors/bentonite nanocomposites [16, 17]. Complex impedance spectroscopy is a powerful technique
that utilizes an alternating current (AC) signal with small amplitude, to analyze the impedance charac-
teristics of bentonite type semiconducting materials. Theoretical models of conduction due to tunnel-
ing and hopping have been proposed to explain the frequency dependence of AC electrical conducti-
vity [18-24]. The grain boundaries, considered as defects, tend to decrease the electrical conductivity
of the system [25]. Thus, to improve the efficiency of the devices, investigation of the effect of the
grain boundaries on the electrical properties of these materials is essential. The aim of this paper is
to present a theoretical analysis of the frequency dependence of Z* when the electrical conduction is
governed by the contributions of the grains and grain-boundaries. Typical values of their resistances
and capacitances are used in the calculation. Three analytical methods are proposed in this work
to identify the dominant contributions in CusIngSe;¢ that was grown by the Bridgman-Stockbarger
method with a vertical multi-zone furnace [26, 27] and also in the considered pure bentonite material.

2. Materials and methods

The commercial pure bentonite powder clay was pressed into discs of about 13 mm in dia-
meter and 2 mm in thickness by means of a hydraulic press applying pressure of 5 MPa followed by
the sintering process at 800 °C for 6 h. The crystal structure of bentonite ceramics was investigated
using the X-ray diffraction technique (XRD, Rigaku, smartLab) with Cu-Ka in a 26 range from
10° to 90°, and a scan rate of 5%min. The average crystallite size is calculated to be 61 nm. The
morphological structure of bentonite was determined by the scanning electron microscope (SEM,
TESCAN VEGA;) coupled with the chemical microanalysis of energy dispersive X-ray spec-
trometry (EDX). According to the SEM and EDX analysis, the bentonite shows a porous smectite
crystalline structure with a chemical formula of (Na, Ca),3(Al, Mg),Si;O;¢o(OH),(H,0), [28]. For
the impedance measurement between —175 °C and —0 °C for CuslngSe;q and 25 °C to 740 °C for
bentonite, an HP-4284 A spectrometer with frequency varying between 20 Hz and 1 MHz is used.
Low temperatures down to — 175 °C were performed using a liquid nitrogen cryostat, while high
temperatures up to 740 °C were performed using a programmable oven.

3. Results and discussion

In disordered materials, the polarization follows the applied electric field and relaxes to-
wards a new equilibrium state. The impedance spectroscopy allows analysis of the dominant
contributions of grains and grain boundaries to the electrical conductivity in a given range of
temperature and frequency. The complex modulus M*(M* = M"+jM") and the complex impedance
Z¥(Z*=Z7"+jZ") formalisms are widely used in the literature. M* is considered for materials with
smallest capacitance while Z* permits to identify contributions with highest resistance [29—34].
M*, according to references 9 and 19 is expressed, in terms of Z*, as:

M* = joCoZ*, (1)
where Cy =¢€yS/d.
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Cy is the capacitance of the material in vacuum. S is the area of the electrode, d is the
thickness of the sample and g is the permittivity of free space. Thus, the real and imaginary parts
of M* are expressed in terms of Z’" and Z" as follows:

M’ =-wZ"Cy and M” = 0Z’Cy. )
With the contribution of the grains and grain boundaries, the equivalent circuit of a poly-
crystalline material is usually composed of two blocks of resistance mounted in parallel with

a capacitance: (Ry//Cq)+(Rgp//Cgp) [34, 35].
The corresponding impedance is given by:

PR 1 1 Y! 5
=—=—+—]| +|=—+ ,
R, Zc Re  Ze,

where Z¢, = , and

JjoC;

Ri Ri
Z/ — _2 + —2 )
1+ (Rici('o) i=<g» 1+ (RiC,'(.O) i=«gh»

and

RiZCiOJ RiQCiw
o] R || RGo | @
1+ (Ricim) i=<g> 1+ (Ricim) i=<gh»

The corresponding calculated Bode plots for Z* (Z' and Z” vs. frequency) and M* (M’ and
M" vs. frequency) are represented in Fig. 1. In these calculations we have used some representa-
tive values of (R, =2 kQ, C;=5 pF) and (R, = 10 kQ, Cy, = 100 pF) because the order of magni-
tude of C, and C,, for disordered semiconducting materials is in the range 1 pF to 10 pF for C,
and 0.1 nF to 1 nF for Cg [35]. In general, the grain boundaries are more resistive than the
grains (Rg>R,). The corresponding time contantt, (T,=R,C,=10ns) must lower than
Top (Tgp = RepCop =1 ps) [35]. The «ZView» software is used in this work since it offers best
equivalent circuit modeling and generates good quality of graphs. As shown in Fig. 1, Z" as well
M" present two extrema (two minima for Z” and two maxima for M") at frequencies given by
Je=(@2n1) ' =159 MHz and fg, = (271y) ' = 159 kHz. The Nyquist diagrams (Z” vs. Z') and (M" vs. M),
given in the inset of Fig. 1, a, show two semicircles with diameters R, and R, and two semicircles
with diameters 1/Cq and 1/Cy;, (Fig. 1, b). From these figures, it is possible then to conclude that A/*
allows the identification of the contribution with smallest capacitance (here C,) while Z* permits
to identify the contribution with highest resistance (here Rgy).

In Fig. 2, a, In(—Z") and In(M") are plotted against frequency for the previous electric
circuit of two contributions (R,//Cg)+(Rgp//Cgp). Here again, we can see that M" is sensitive to
the contribution located in the high frequency domain while the peak related to the contribution
that lies in the low frequency domain appears better in Z". A relatively more accurate method to
determine the frequency positions of the these extrema in Z” and M" is to consider the second
derivative of In(-Z") and In(M") with respect to the logarithm of frequency, /n(f). This is given
in the inset of Fig. 2, a where d*In(~Z")/d?In(f) and d*ln(M")/d*In(f) present two minima at
frequencies f; and fy;. This method can be used for experimental curves if the number of data is
sufficiently high.

Another method to determine the frequency positions of dominant contributions is to con-
sider the first derivative of the function Beta = arctan(—=Z"/Z") with respect to /n(f). This is given in
the inset of Fig. 2, b where dBeta/dInf present two maxima at frequencies f, and fg,. This method
can be useful especially if the number of experimental data is not high enough. Nevertheless, the
capacitances C, and Cy are replaced by constant phase elements CPE, and CPE, respectively,
if there is a distribution of relaxation time in the material.

166

Material Science



Original Research Article:

(2022), kKEUREKA: Physics and Engineering»

full paper Number 6
R B LN LR | 4| P IR IR B | "
12000 - - Lo
1 kg ® fxed!  [20m0
10000 cg X Fixed 5,000E-12 1000
| rab X Fixed  [10000 -
8000 cab X Fixed  [1,000E-10
1 |rme R, =10k R gb ~-2000 -
S 6000 ‘ G
N2 S C_gb -
N 1m0 4 --3000
4000 \—/
2000—- h 4000
0 _ 3000 6000 9000 12i gb - _5000
Z' Q)
MRAALL IELALLL BELE AL IELELALLL IELELALLLY IELEL AL INLELALLL | T hhble LALLM AL IELELALLL LA
107 10" 10° 10' 10° 10° 10 10° 10° 10" 10° 10’ 10"
Frequency (Hz)
a
ALY BRI BELALRALLY IR IELALALLLY IR BELALAALLL LA BELALALLL BN | T b
- Rg=2kQ; Cg=5pF )
° Rgb =10 kQ ; Cg =100 pF rQ
O ><
:Pi 1,510 =
= 3 =
; ] ; - 6.50x10"
1.40x10" N
@;ncy
0 1/Cy)
0 T
L 0.00
0.00 — Tw e
RMRALLL INLLALLL BELELAALL BELILALLL BELELALLL BNLLRLLL INLILR AL BRI IELLALLL LA BELELALLL, IR
107 10" 10° 10' 10° 10’ 10° 10° 10° 100 10° 10’ 10"
Frequency (Hz)
b

Fig. 1. Frequency dependence of impedance and modulus for an electric circuit
of two contributions (R//Cy)+(Rgp//Cgp): a — Z' and Z"; b — M’ and M"

Their impedances are given by:

Zers, =1/Qq (joo)", and Zepe, =1/ Qu (jo)™ )
In this case (4) is replaced by the following expressions:
4 R; (1 + RQ,0" cos(mm /2)) R; (1 + RQi0" cos(nin/2)) ©
1+ 2R Q0" cos(mm/2)+(RQom ) | | 1+2RQi0m cos(nim/2) + (RQio™ ) | " ’
1=« »
and
77 = RizQi(x)n‘ SiIl(T’liTC /2) RizQi(Dni sin(nin/2) (7)

1+ 2R Q0" cos(mn/2)+(RQuo" ) | | 1+2RQum cos(nm/2) + (RQio" )’

i=<«gb»
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Fig. 2. Dominant contributions for an electric circuit of two bolcs (Ry//Cy)+(Rgp//Cyp):
a —In(=Z") and In(M") with their second derivatives; b — Z" and dBeta/diInf

In these equations, Q; is a constant which is independent of frequency. The exponent n;
measures the degree of distortion of Z"(Z"). This can be observed in Fig. 3. The value of n; is equal
to 1 for an ideal capacitor as is the case of (3). The corresponding relaxation time t; for each con-
tribution «i» can be deduced from the condition o t;= 1, where the first derivative of the function
Beta (B = d(Beta)/dlnf) presents a maximum.

This corresponds to the equation:

nn nn
n2 RQ ™ sin(lTJ -n2(RQ;)’ o31sin (TJ =0. ®)
(8) leads to the expression R;Q;o" =1. From this, we get:
1/n, 1/ng
Ty =(RyQy) " and 1y, =(RyQg) )
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Let’s now return to the material CuslngSe;s. In Fig. 4, we show the frequency dependence
of In(-Z") and In(M") at a given temperature of —175 °C. Their second and also the first derivative
of function Befa are shown in the inserts. The behavior of these derivative functions described
above in Fig. 2 indicates that the frequency position of the grain-boundary contribution is of the
order of 20 kHz, while that of grains lies above 1 MHz. The latter, higher than 1 MHz, is outside
the range of the present measuring equipment.
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Fig. 3. Effect of the exponent n (Zcpr = 1/Q(j®)") on the Nyquist plot (Z” vs. Z") for an electric
circuit related to one contribution (R, =2 kQ)/(C, = 5 pF) with the corresponding frequency
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Fig. 4. Frequency dependence of /n(—Z") and In(M") for CusIngSe;¢ with their second derivatives
and also the first derivative of the function Beta

The corresponding Nyquist plots (Z"vs. Z") for Z* and (M" vs. M") for M* are given in Fig. 5.
These plots confirm the existence of the two contributions of the grains in the high frequency
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domain and the grain boundaries at low frequency. Their electrical resistances are estimated to
be R,=38.77 kQ and Ry, = 73.56 kQ (Fig. 5, a).
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Fig. 5. The Nyquist plots of CusIngSe;s at a representative temperature of —175 °C with
the deconvolution of the grain and grain-boundary contributions: @ — Z” vs. Z'; b — M” vs. M’

In Fig. 6, we represent the experimental and calculated Nyquist plots for Z* of CusIngSe;q
according to (6), (7) at representative temperatures of — 175-165 °C, —155 °C and —145 °C. In these
fits, Ry, Oy, Ng, Rap, Ogp and ng, are considered as adjustable parameters and their values are listed
in Table 1. In the inset of Fig. 6, R, and Ry are plotted against 1/7. From the linear fits, the activa-
tion energies for the conduction process are estimated from the corresponding slopes in the order
of 22.1 and 9.2 meV for the grains and grain boundaries, respectively. The values of Cg and C,y, are
calculated by using the expression C; = (R!™™Q;)"", (i=g, gb) and are of the order of 10> F for
the grain and 107'° F for the grain boundary contribution (Table 1), in agreement with the litera-
ture [35]. Similar analysis of the impedance and modulus at high temperatures up to 740 °C, has
been carried out for bentonite ceramic. The frequency dependence of Z', Z", M" and M" and their
corresponding Nyquist plots are given in Fig. 7, 8 for a given representative temperature of 500 °C.
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Fig. 6. Experimental and calculated Nyquist plots (Z” vs. Z") of CusIngSe;q at some representative
temperatures with the corresponding activation energies for the conduction process

The coincidence of the peaks of Z” and M"” (Fig. 7) indicates the predominance of the con-
tribution of grains to the total electrical conduction in bentonite. Also, the minima in the second
derivative of In(—Z") and In(M") (Fig. 7) take place the same frequency where the first derivative of
the function Beta presents a maximum. This is confirmed by the existence of only one semicircle
in the Nyquist plots (Fig. 8, a for Z* and Fig. 8, b for M*). The best fit of the data by an electric
circuit (R,) mounted in parallel with (CPE,) is shown in Fig. 8 by continuous curves. The values of
the adjustable parameters R,, Oy, and n, used in this fit are 335.59 k€2, 12.38 pF and 0.928.

Table 1
Values of the equivalent circuit parameters for CusIngSe;q calculated at different temperatures

TCEC) R, (Q) Qy(x10%) ng Co(x1072F) £, (x1085) Ry (Q) Qpy (X107 ngy  Cpp (XI07OF) £, (x10755)

-175 38770 6.336 0.36 1.889 3.981 73560 2.86 0.936 1.365 9.653
-165 33013 1.767 0.438 1.251 4.386 64111 3.72 0.908 1.268 8.130
-155 29811 1.951 0.436 1.273 4715 57577 4.09 0.901 1.270 7.314
-145 27496 2.000 0.437 1.263 5.216 51925 4.39 0.898 1.304 6.771

The corresponding relaxation time and capacitance at 500 °C are calculated to be 1.59 pus
and 4.73 pF. This obtained value of capacitance agrees with the typical value of the order of 10712 F
for the grains in disordered materials [35].

Finally, the microstructural evolution has a decisive effect on the physical properties of any
disordered semiconducting material. Many experimental and simulation studies have been carried
out to understand the microstructure which depends highly on the anisotropy of grain boundary
properties such as activation energy, relaxation time, and electrical resistance [36]. The main prob-
lem is to identify the predominance of the grain-boundary contribution in the electrical conduction
process in a given range of temperature. The complex impedance spectroscopy is the best me-
thod to investigate the dielectric relaxation and electrical conduction behaviors of grains and grain
boundaries, which are correlated with defect behaviors [37]. In this work, we have presented some
calculation methods using impedance spectroscopy data that allow to identify the predominance
of the contribution of grains and/or grain-boundaries to the total electrical conduction. We have
applied it to two different materials by their electrical behavior; one is conductive at very low
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temperatures (around — 175 °C) and the other is conductive for temperatures higher than 400 °C
up to 740 °C. This approach can be applied to any other disordered material.
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Fig. 7. Frequency dependence of n(—Z") and In(M") for pure bentonite with, in the inset,

their second derivative and also the first derivative of Beta
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Fig. 8. Experimental and calculated Nyquist plots of bentonite at a representative
temperature of 500 °C indicating the predominance of the contribution of grains in bentonite:
a-272"vs.Z;b—M"vs. M’

4. Conclusions

Analytical methods using the second derivative of In(—2") and In(M") and first derivative of
the function Beta =arctan (—Z"/Z") are given in this work in order to identify the dominant micro-
scopic contributions to the electrical conduction in disordered semiconducting systems. As applica-
tion, we consider two materials of CusIngSe;q at low temperatures down to —175 °C and a novel ben-
tonite clay that becomes semiconductor at high temperatures above 400 °C with frequency between
20 Hz and 1 MHz. The magnitude of electrical resistance, capacitance, relaxation time and activa-
tion energy of grains and/or grain boundaries are determined in these materials. It is worth pointing
out that intensive research of the physical properties of ternary semiconductors of the I-III-VI, fa-
mily and later of their corresponding ordered defect compounds was started in the seventies. Some
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of their selenides have turned out to be leading materials for electro-optical devices and solar cells
and the tellurides for thermoelectric power generation. It is very likely that study of bentonite clay
and other similar materials may lead to the technology of heterojunction and clay composite.
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