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Received 9‘“ﬁpril 2020 The structural features and morphology of investigated Sb,S; powder were analyzed using X-ray
'z“gzcgpted 147Sept diffraction and scanning electron microscope techniques. The dependence of dielectric properties and ac
conductivity of bulk Sh,S; as pellet on both of frequency (10>-10° Hz) and temperature (303-393 K) were
studied. The dielectric constant (121.2-45.8) and dielectric loss (53.3-0.89) displayed noticeable
dependence on frequency and in the investigated range of temperature 303-393 K. The frequency
dependence of ac conductivity 6.(w) follows up the power relation; o,(®w) = Go®. The frequency
exponent s, diminished with the rise in temperature, implying that the correlated barrier hopping (CBH)
is the predominant conduction mechanism. The ac conductivity exhibited a thermally activated nature.
The localized states N(Eg) values were recorded in the order of 10 eV'.cm™ at specific temperatures for
frequency of 800 Hz. Activation energy AE, calculated at different frequencies indicates a decrease from

117 meV to 89 meV with the increase in the frequency.
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Introduction

The Antimony sulfide, Sh,Ss, is one of V-VI
semiconductor materials and it exists in nature as
mineral stibnite [1,2]. Antimony sulfide is one of
the most promising semiconductor functional
materials because of its characteristic structure
[3,4] with orthorhombic crystal structure [1]. It is
an n-type semiconductor [5] and has a considerable
attention for usage in the electronic applications as
photoconductive detectors [6], photo-catalysis [7],
photovoltaics [8], thermoelectric devices [9].
Petzelt and Grigas [10] measured Far infrared
reflectivity of Sh,S; single crystals in the spectral
region 25-400 cm™ and temperature region 100-
400 K in polarized light. The results suggested that
Sh,S; was polar in the whole temperature region
investigated.

The large anisotropy of the structure for Sb,S;
crystal showed effects on the physical properties.
The static dielectric constant parallel to the chain
axis is more than ten times larger compared to that
prependicular to the same axis [11-13]. Due to its
excellent photoconductivity, Sb,S; garbs a wide
attention for its potential applications in solar
energy conversions [14,15] and as an absorber
layer in solar cells [1,16,17]. Messina et al. [18]
prepared Sh,S; thin films for photovoltaic cell.
Additionally, it showed particular optical
properties; high refractive index [19], and high
optical absorption coefficient (o > 10* cm™) [20-
22].

Ghosh and Varma [23] studied some optical
properties of amorphous and crystalline Sh2S3 thin
film. They observed that the amorphous Sb,S;
films had values for imaginary and real parts of the
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dielectric constant much less than the
polycrystalline  films. The optical gap in
amorphous material observed at 1.7 eV compared
to the apparently direct band gap of 1.88 eV
observed in crystalline materials. Also, it was
found that the electrical resistivity of the Sb,S; thin
films decreased from 10° to 10° Q.cm after plasma
treatments.

The present work aims at studying the dependence
of dielectric properties (e; and g) and ac
conductivity (o4) Of bulk Sh,S; on both frequency
and temperature. The frequency range is (10°-10°
Hz) and temperature range is 303-393 K. The
predominant mechanism for ac conduction is
specified. The behavior for electric modulus (M’
and M") of bulk Sb,S; is also investigated.

Experimental technique

The powder of Sb,S; was purchased from
BALZERS. Elemental analysis was carried
out using Quanta FEG- 250 SEM instrument for
energy dispersion analysis spectrum. X-Ray
diffraction, XRD, technique was utilized for
analyzing the structural properties of the Figure (2)
displays the XRD pattern of Sh,Ss. It has various
diffraction peaks with different intensities,
illustrating that the Sb,S; has a polycrystalline
nature. The position of the peaks appeared in the
diffractogram of the powder sample agreement
with JCPD card No. (87-1135) [26]. The structural
features are consistent with an orthorhombic
system with lattice parameters a= 14.20A, b=11.47
A, ¢=7.47 A and density of 3.709 g/cm®. The major
diffraction peak corresponds to the preferred
orientation of (401). In other studies, preferred
orientation plane is (130) as published in the
literature [1,27,28]. Figure (3a) shows the image of
the surface morphology of Sh,S;. The powder of
Sh,S; showed particles of irregular shape which
distributed over the surface in agglomerates as
shown through the higher-magnification SEM
image (Fig. 3(b)).

investigated Sbh,S;. XRD pattern was detected
using X-ray diffractometer (Philips, model x pert)
with the characteristic CuK, radiation.

A compressed pellet was obtained from grounded
Sh,S; powder. Scanning electron microscopy was
performed using SEM microscope Quantum FEG
250. The compression was under a pressure of
2x10° N/m?. The pellet thickness and radius were
1.05 mm and 5 mm, respectively. Two silver
electrodes were made on both sides of the pellet by
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using thermal evaporation method. High-vacuum
coating unit, Edwards 306A- England was used for
the deposition under pressure of 10* Pa with a
deposition rate of 2.5 nm/s. The AC and dielectric
measurements for the investigated sample were
carried out using a programmable automatic RLC
bridge, Hioki model 3532 Hitester, in the
frequency ranges (10-10° Hz). The temperature
was measured using a thermocouple over
temperature range (303-393K). The values of
capacitance, C, and loss tangent, tand measuring
from LCR Bridge were used to calculate the
dielectric constant and dialectic loss as : ¢ =
Cd/e,A and g,=¢; tand, respectively, where d is the
thickness, A is the cross section area of the pellet
and g, is the permittivity of free space.
Additionally, ac conductivity of the sample (o)
was estimated from the relation: 6,.= ®gqe; [24,25]
where o is the angular frequency.

RESULTS AND DISCUSSION

1. Structural properties of Sh,S;

Figure (1) shows the EDX spectrum recorded on
the powder of Sh,S;, whose peaks are assigned to
Sb and S. A small peak for oxygen was observed
as faint impurity as formation of antimony oxides
during the preparation of the product. The EDX
analysis of the Sh,S; shows that the atomic
percentage of (Sb =32.75%) is smaller than that of
(S~ 49.03%), where the ratio of Sb/S to be 0.667,
as expected.

2. Frequency and temperature dependencies of
dielectric properties

The study of dielectric properties for materials is
an important to give information about the
conduction processes. The complex permittivity is
explained according to the following equation
[29]:

(@) = g(w) —ig () (1)

The frequency and temperature dependences of
the dielectric constant €; (®) and dielectric loss ¢,
() were studied for bulk Sb,S; in the frequency
ranges (10°-10° Hz) and temperature range (303—
393) K. Fig.4(a,b) illustrate the frequency
dependence of the dielectric constant (@) and
dielectric loss &, (w) at the different temperatures.
As seen, in the investigated range of temperatures,
the dielectric constant showed values in the range
from 121.2 to 45.8 and dielectric loss showed
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values in the range from 53.3 to 0.89. The higher
values of g (115+5) and &, (36x17) appeared at
While they decreased and approaching a constant
value at high frequencies as 46+1 for g; and 1.32
+0.4 for ¢ in the investigated range of
temperatures. The decrease of €; (w) probably refer
to the contribution of many components of
polarization; ionic, electronic, interface and
orientation polarizations [30-32]. At greater
frequencies, the dipole unable to follow up the
field, and the orientation polarization stopped.
Thus, the value of & (®) may be assigned to the
space charge or interfacial polarization as observed
in studies reported by other authors[33,34]. On the
other hand, the behavior of &, (0) at low
frequencies is due to the migration of ions in the
material. After average increase in frequency,
value depends on the contribution of ions jump,
conduction loss of ions migration, and ions

low frequencies and in the investigated range of
temperatures.

polarization loss. At higher frequency, ion
vibrations give the source of dielectric loss and ¢,
exhibited a lower value.

Figure 5(a,b) represents temperature dependence
of g1(0) and &, () at the certain frequencies. Both
g(w) and & (w) increase with increasing
temperature at various frequencies. At low
temperatures, dipoles in polar materials cannot
orient themselves. As the temperature increases,
the orientation of dipoles becomes easier where it
gave an increase in the orientational polarization
and ;. The raising in the value of &, (w) with the
raise in temperature can be explained according to
Stevels [32,35], who divided the relaxation
phenomena into three parts, conduction loss,
dipole loss and vibrational loss.
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Fig. (1): EDX spectrum of Sb,S;
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Fig. (2): XRD pattern of Sb,S; in the powder form
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Fig. (4): Frequency dependence of (a) dielectric constant &; (») and (b) dielectric loss &, (®) for Sb,S; at different
temperatures
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Fig. (5): Temperature dependence (a) dielectric constant g; (w) and (b)dielectric loss &, (@) for Sb,S; at different

frequencies

3. Electric modulus spectrum

The electrical relaxation of bulk Sb,S; can be
obtained from the studied electric modulus [36,
37]. The complex of electric modulus M” is given

by

M* (@) = M’ + iM" @)
I __ €1 "o €2
M= e2+¢€2 ! M e2+g2

©)

Where, M'and M are the real and imaginary parts
of the dielectric modulus, respectively. The
frequency dependence of the real and imaginary
parts of the electric modulus M’ and M” for bulk
Sh,S; at different temperatures are shown in Fig. 6,
7. It is noted that M’ has small values at low
frequencies, 8.8 x 10 at 303 K and 6.9 x 10 at
393 K. It increases with the increase in frequency
at different temperatures. The imaginary part of
electric modulus M” decreases at low frequencies,
then it increases with raising the frequency which
reaches a maximum value of 1.49 x 10° at 303 K
and 2.66 x 107 at 393 K and after that it decreases
with the further raise in frequency values.

4. AC conductivity

AC conductivity is an important factor which gives
information about the transport phenomenon in
materials, also it is a good method for determining
the hopping dynamics of ions. The ac conductivity

(oqc) showed dependence on the frequency of the
applied field as a power relation [38]:

cac(®) = Go® 4)

Where, G is a pre-factor that depends on
temperature and composition, and s is the
frequency exponent that can take the value range
from 0 < s <1 [39]. Figure (8) presents the
variation of Ino,. for bulk Sb,S; versus In®m at
different temperatures. From this Figure, the ac
conductivity for bulk Sh,S; increases gradually
with increasing the frequency. Then, it shows a
great increase in its values. The frequency
exponent (s) is calculated for the different
temperatures (300-393 K). The dependence of s on
temperature is seen in Fig.(9). It was observed that
s values decreased with the increase in the
temperature. This result for the frequency exponent
is consistent with the observed for amorphous fast
ion conducting AQ,S-Sh,S; materials [40] and
Sh,S; films [33] and Sh,S; sprayed thin film [41].
The behavior of the frequency exponent is used to
determine the type of the dominant mechanism for
ac conduction [42]. Various models; quantum
mechanical-tunneling model [43,44], small polaron
tunneling model [44,45], correlated barrier
hopping (CBH) model and large polaron tunneling
model [46-48] have been suggested for ac
conduction mechanisms in different materials.
Depending on the obtained results for bulk Sh,S;
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under investigation (Fig.9), the mechanism of ac
conduction follows CBH model [47] as observed
in Table (1) for other samples of Sh,S;.  On
Austin—Mott formula [49], based on CBH model,
ac conductivity expressed as:

Gac(®) = S [(N(ER)PksTe?a  w[in(vy/w)]*  (5)

Where, N(Eg) is the density of localized states, kg
1s the Boltzmann’s constant, e is the electronic
charge, a is the exponential decay parameter of
localized states wave functions and v, is the
frequency of the phonons. In CBH mechanism,
is interpreted according to hopping of electrons
between pairs of localized states at the Fermi level
N(Ep). By assuming v,=10" Hz and «*=10 A [50],
N(Ef) is calculated at different temperatures for
frequency of 800 Hz and recorded in Table (2).
The values of N(Eg) for bulk Sh,S; increases from
8.69 x 10" to 12.09x 10 eV'.cm® with the
increase in the temperatures from 303 K to 393 K.
These values of N(Ef) are compared with other
studies as seen in Table (2). Figure (10) shows the
variation of ac conductivity for bulk Sh,S; with
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Fig. (6): Frequency dependence real part of dielectric
modulus M’ for Sb,S; at different temperatures
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1000/T at different frequencies. It was observed
that o, increased linearly with the increase in the
temperature. This behavior was attributed to the
increase in the number of charges, which makes
hopping increases [51]. This suggested that the ac
conductivity for bulk Sb,S; was a thermally
activated process with an activation energy AE.
The value of AE for ac conduction was calculated
from the Arrhenius relation asfollows [52]:

Oac = Op (-AE/kgT)

(6)

Where, o, is a pre-exponential constant. The
frequency dependence of AE for Sb,S; is shown in
Fig. (11). AE decreased with increasing frequency
from 117 meV at 800 Hz to 89 meV at 200 kHz,
which refers to the increase of the electronic jumps
between the localized states as the applied
frequency rises [53]. This emphasizes that the
hopping conduction is the prevalent mechanism for
ac conduction in Sb,Ss. A similar trend was
observed in Sh,S; thin films [33].
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Fig. (7): Frequency dependence imaginary parts of dielectric
modulus M” for Sb,S; at different temperatures
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Table (1): Results of bulk Sb,S; compared with other studies
Materials Temperature Frequency Frequency Mechanism of ac
gy ; References
condition range (K) range (Hz) exponent conduction
2 4n6 correlated barrier The present
Bulk Sb,S;3 303-393 10°-10 0.83-0.79 hopping work
g 2 115 correlated barrier
Sh,S; thin film 303-373 10°-10 1-07 hopping [42]
SboS; sprayed 598-698 5-13x10° 079-049 cOrelated barrier [43]
thin film hopping
Table (2): Values of density of localized states, N(Eg), for Sb,S; at different temperatures
T (K) 303 323 343 373 383 393
N(E;).10" (eV'cm™) 8.69 9.23 9.43 10.21 11.21 12.09
? B 0.8KHZ o120
. - ;fr‘|; s
w 10kHz - r
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Fig. (10): The variation of In 6,(®) as a function of Fig. (11): The variation of AE for Sb,S; against frequency
1000/T for Sh,S; at different frequencies
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Conclusion

The structural features of the investigated Sb,S;
powder were analyzed by XRD technique. The
Sh,S; was found to be consistent with an
orthorhombic system with lattice parameters a=
14.20A, b=11.47 A and ¢=7.47 A. The major
diffraction peak corresponds to the preferred
orientation of (401). The powder of Sh,S; showed
particles of irregular shape which were distributed
over the surface in agglomerates. Dielectric
properties and ac conductivity of bulk Sb,S; were
studied at various temperatures and frequencies.
The dielectric constant and dielectric loss decrease
with increasing the frequency and increase by
increasing the temperature. M’ has small values at
low frequencies and M” increases with increasing
the frequency which reaches a maximum value and
decreases with the further raise in the frequency
values. The ac conductivity of bulk Sh,S;
increased with the increases in the frequency as
ca(w) = Go® and it could be explained according
to the correlated barrier hopping model. The ac
conductivity displayed a thermally activated
process from its relation with temperature.
Activation energy for ac conduction was calculated
and displayed a decrease by increasing frequency
from 117 meV at 800 Hz to 89 meV at 200 kHz.
Moreover, as the temperature increases, the density
of localized states rises from 8.69 x 10'® to 12.09x
10" eVt.cm® as the temperature increases at a
certain frequency.
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