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Abstract. CdS nanoparticles have been synthesized by a chemical reaction route using
thiophenol as a capping agent. The frequency-dependent dielectric dispersion of cadmium
sulphide (CdS) is investigated in the temperature range of 303–413 K and in a frequency
range of 50 Hz–1 MHz by impedance spectroscopy. An analysis of the complex permittivity (ε0 and ε00 ) and loss tangent (tan δ) with frequency is performed by assuming
a distribution of relaxation times. The scaling behaviour of dielectric loss spectra suggests that the relaxation describes the same mechanism at various temperatures. The
frequency-dependent electrical data are analysed in the framework of conductivity and
modulus formalisms. The frequency-dependent conductivity spectra obey the power law.
Keywords. Cadmium sulphide; chemical synthesis; impedance spectroscopy; dielectric
properties.
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1. Introduction
The dielectric constant of an insulating material is the ratio of the capacitances
of a parallel plate condenser measured with and without the dielectric material
placed between the plates. The difference is, of course, due to the polarization of
the dielectric. If the field applied to the condenser is time-dependent (as in an
alternating current), so is the polarization. However, because of the resistance to
motion of the atoms in the dielectric, there is a delay between changes in the field
and changes in the polarization. This delay is often expressed as a phase difference
or loss angle δ. The power factor is then defined as sin δ, and the dissipation factor
as tan δ. The product of the dielectric constant and the power factor is called the
loss factor. It is proportional to the energy absorbed per cycle by the dielectric
from the field.
Cadmium sulphide is a direct band gap semiconductor with a band gap of 2.42 eV.
It has useful properties for optoelectronics, being used in both photosensitive and
photovoltaic devices. One simple use is as a photoresistor whose electrical resistance
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changes with incident light levels. CdS, in particular, has been extensively studied
due to its potential applications in field effect transistors, light emitting diodes,
photocatalysis, biological sensors etc. [1–3].
During recent years, various properties of CdS have been investigated by researchers [4–8]. Though various researchers have studied the dielectric properties
of CdS, a complete systematic study of various dielectric parameters in a wide
frequency and temperature range is still lacking. In this paper we have studied systematically the dielectric properties of CdS synthesized by a soft chemical method
in the temperature range of 303–413 K and in the frequency range of 50 Hz–1 MHz
by impedance spectroscopy.
It is to be mentioned that the impedance spectroscopy is one of the powerful tools
for characterization of electrical properties of CdS. AC impedance spectroscopy
allows the measurement of capacitance and loss tangent (tan δ) and/or conductance
over a frequency range at various temperatures. From the measured capacitance
and tan δ, four complex dielectric functions can be computed: impedance (Z ∗ ),
electric modulus (M ∗ ), permittivity (ε∗ ), and admittance (Y ∗ ). Studying dielectric
data in different functions allows different features of the materials to be recognized.
2. Experimental section
Chemical synthesis is one important technique for the synthesis of nanomaterials
and nanostructures because it is simple, inexpensive, needs less instrumentation
and it is a low temperature (<350◦ C) synthesis technique. It can be performed
using a range of precursors and synthesis conditions like temperature, time and
concentration of reactants. Variation of these parameters leads to different size
selection and geometries of resulting particles.
Chemical synthesis method is based on chemical replacement reaction [9] between
chemical compounds providing metal ions (Cd2+ ) and those containing chalcogenide
ions (S2− ). Materials that we used for making cadmium sulphide (CdS) are cadmium acetate [Cd(OCOCH3 )2 ] and sodium sulphide (Na2 S) as the source of Cd2+
and S2− ions respectively. To make CdS nanoparticles, freshly prepared 50 ml solution of [Cd(OCOCH3 )2 ] (0.1 M) in methanol and 50 ml of solution of thiophenol
(0.2 M) in methanol were stirred together using a magnetic stirrer. Then 50 ml
solution of sodium sulphide (0.1 M) in 50% methanol and 50% water (i.e. 25 ml
methanol and 25 ml water) was added while stirring constantly. Pale yellow or
cream coloured precipitate was formed instantaneously. To remove any type of
unreacted chemicals or impurities, it was washed three times with methanol and
dried by evaporation method. We could change the particle size of the nanoclusters
by changing the concentration of the thiophenol solution, the capping agent. The
pale yellow powder of CdS is pelletized into a disc using polyvinyl alcohol (PVA)
as binder.
3. Results and discussion
The typical XRD pattern from CdS indexed on the basis of hexagonal, W-type
structure is shown in figure 1. Peak broadening is generally attributed to coherent
diffracting domain size. This can be easily understood as arising from the small and
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Figure 1. XRD micrograph of CdS.

Figure 2. Complex plane impedance plot between Z 00 and Z 0 at 353 K.

finite size of the crystallites. The average particle size of CdS is 2.36 nm calculated
by Scherrer equation
B(2θ) = 0.94λ/L cos θ,
where B(2θ) is the full angular width subtended by the half max intensity of the
peak in radian, λ is the X-ray wavelength used, θ is the angle at peak position and
L is the average particle size.
Complex plane impedance plots of CdS, plotting the imaginary part Z 00 against
the real part Z 0 at temperature 353 K is shown in figure 2. For a single-phase polycrystalline dielectric material having interfacial boundary layers (grain boundary),
two semicircular arcs or depressed circular arcs may be obtained in the complex
plane plot, which can be explained as two parallel RC elements connected in series,
Pramana – J. Phys., Vol. 72, No. 6, June 2009
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Figure 3. Frequency dependence of the conductivity (σ) for CdS at various
temperatures where the symbols are the experimental points and the solid
lines represent the fitting.

one branch is associated with the grain and other with the grain boundary of the
sample.
The real (Z 0 ) and imaginary (Z 00 ) part of total impedance Z ∗ of the equivalent
circuit are defined [10] by the following equations.
Z ∗ = Z 0 − jZ 00 ,
Rg
Rgb
Z0 = R +
+
,
1 + (ωRg Cg )2
1 + (ωRgb Cgb )2
·
¸
·
¸
ωRg Cg
ωRgb Cgb
00
Z = Rg
+ Rgb
,
1 + (ωRg Cg )2
1 + (ωRgb Cgb )2
where Rg , Cg are the grain resistance and capacitance and Rgb , Cgb are the corresponding quantities for grain boundary. The best fitting of RC equivalent circuit
for 353 K with one semicircular arc of Rg (= 2.3 × 104 Ω) is shown by the solid line
in figure 2.
If we assume that all dielectric loss in the temperature range studied are due to
conductivity, the conductivity can be expressed as σ(ω) = ωε0 ε00 . Here σ is the real
part of the conductivity and ε00 is the imaginary part of dielectric constant. The
frequency spectra of the conductivity for CdS at different measuring temperatures
are shown in figure 3. The conductivity shows dispersion which shifts to higher
frequency side with the increase of temperature. It is seen from figure 3 that σ
decreases with decreasing frequency and becomes independent of frequency after a
certain value. Extrapolation of this part towards lower frequency will give σDC .
The very basic fact about AC conductivity in CdS is that σ is an increasing
function of frequency. The real parts of conductivity spectra can be explained by
the power law defined as [11,12]
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·
µ
¶n ¸
ω
σ = σDC 1 +
,
ωH
where σDC is the DC conductivity, ωH is the hopping frequency of the charge carriers
and n is the dimensionless frequency exponent. The experimental conductivity
spectra of CdS are fitted with σDC as variable keeping in mind that the value of
the parameter n is weakly temperature-dependent. The best fit of the conductivity
spectra are shown in figure 3 by solid lines.
The relation of angular frequency ω (= 2πν) with dielectric constant (ε0 ) and
dielectric loss (tan δ) at various temperatures for CdS is described in figure 4. A
relaxation is observed in the entire temperature range as a gradual decrease in
ε0 with increasing frequency. The nature of dielectric permittivity related to free
dipoles oscillating in an alternating field may be described in the following way. At
very low frequencies (ω ¿ 1/τ , τ is the relaxation time), dipoles follow the field
and ε0 ≈ εs (value of the dielectric constant at quasi-static field). As the frequency
increases (with ω < 1/τ ), dipoles begin to lag behind the field and ε0 slightly
decreases. When frequency reaches the characteristic frequency (ω = 1/τ ), the
dielectric constant drops (relaxation process). At very high frequencies (ω À 1/τ ),
dipoles can no longer follow the field and ε0 ≈ ε∞ (high-frequency value of ε0 ).
Qualitatively, this is the behaviour observed in figure 4a.
According to figure 4b, there exists a peak in the tan δ vs. log ω plot for the
characteristic relaxation process of CdS. The increase in the peak value of tan δ with
the increase in temperature indicates that the number of charge carriers increases
by thermal activation. It is seen that the position of loss peak (tan δm ) shifts to
higher frequency with increasing temperature. Such behaviour of the loss tangent in
CdS is supposed to be due to the existence of the broad spectrum of the relaxation
times. In such a situation one can determine the most probable relaxation time τm
(= 1/ωm ) from the position of the loss peak. The most probable relaxation time
follows the Arrhenius law given by
·
¸
−Ea
ωm = ω0 exp
,
kB T
where ω0 is the pre-exponential factor and Ea is the activation energy. One of the
most convenient way to check the polydispersive relaxation in CdS is the complex
Argand plane plots of ε00 against ε0 , usually called the Cole–Cole plots [13]. For a
pure monodispersive Debye process, one expects semicircular plots with the centre
located on the ε0 -axis, whereas, for polydispersive relaxation these Argand plane
plots are close to circular arc with end points on the axis of reals and the centre
below this axis. The complex dielectric constant in such situations is known to be
described by the empirical relation [13] given as
ε∗ = ε0 − jε00 = ε∞ +

(εs − ε∞ )
,
1 + (jωτ )1−α

where εs and ε∞ are the low and high frequency values of ε0 and α is a measure
of the distribution of relaxation times, which can be determined from the location
of the centre of Cole–Cole circle of which only an arc lies above the ε0 -axis. We
have plotted ε00 against ε0 in the inset of figure 4a at 333 K. It is evident from this
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Figure 4. Frequency (angular) dependence of ε0 (a) and tan δ (b) at various
temperatures. Complex Argand plane plot of ε00 against ε0 is shown in the
inset for CdS.

plot that the relaxation process differs from the monodispersive Debye process (for
which α = 0) and found to be 0.36 for CdS. This value of α from Cole–Cole plot
confirms the polydispersive nature of the dielectric relaxation of CdS.
If we plot the tan δ(ω, T ) data in scaled coordinates, i.e. tan δ(ω, T )/ tan δm and
log (ω/ωm ), where ωm corresponds to the frequency of the loss peak in the tan δ vs.
log ω plots, the entire dielectric loss data can be collapsed into one master curve
as shown in figure 5. The scaling behaviour of tan δ(ω, T ) clearly indicates that
the relaxation follows the same mechanism at various temperatures, i.e. relaxation
mechanism is temperature-independent. A plot of log ω vs. 1/T is shown in the
inset of figure 5, where the symbols are the experimental data points and the solid
line is the least squares straight line fit to the data. The activation energy calculated
from least square fit to the points is 1.31 eV.
Complex modulus, electric modulus or inverse complex permittivity, M ∗ , is defined by the following equation:
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Figure 5. Scaling behaviour of tan δ at various temperatures. The Arrhenius
plots of tan δ and M 00 are shown in the inset for CdS.

1
1
ε0
ε00
=
=
+
j
= M 0 (ω) + jM 00
ε∗
ε0 − jε00
ε02 + ε002
ε02 + ε002
·
µ
¶ ¸
Z ∞
dφ(t)
−jωt
= M∞ 1 −
e
dt ,
dt
0

M ∗ (ω) =

where M 0 is the real and M 00 the imaginary electric modulus, and ε0 the real and
ε00 the imaginary permittivity and φ(t) gives the time evolution of the electric field
within the dielectric.
Figure 6 displays the angular frequency dependence of M 0 (ω) and M 00 (ω) for
CdS as a function of temperature. M 0 (ω) shows a dispersion tending towards M∞
(the asymptotic value of M 0 (ω) at higher frequencies in figure 6a, while M 00 (ω)
00
exhibits a maximum (Mm
) centred at the dispersion region of M 0 (ω). In figure
00
6b the position of the peak Mm
shifts to higher frequencies as the temperature
is increased. The frequency region below the peak maximum M 00 determines the
range in which charge carriers are mobile on long distances. At frequency above the
peak maximum M 00 , the carriers are confined to potential wells, being mobile on
00
short distances. The frequency ωm (corresponds to Mm
) gives the most probable
relaxation time τm from the condition ωm τm = 1. At a temperature T , the most
probable relaxation time corresponding to the peak position in M 00 vs. log ω is
proportional to exp(−Ea /kB T ) with activation energy ≈1.35 eV as shown in the
inset of figure 4. We have also fitted our experimental data using Cole-Cole equation
defined as [14],
M 0 = Mα Ms ×

[Ms A + (Mα − Ms ) cos φ]A
Ms2 A2 + 2A(Mα − Ms )Ms cos φ + (Mα − Ms )2
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Figure 6. Frequency dependence of M 0 (a) and M 00 (b) of CdS at various
temperatures.

M 00 = Mα Ms ×

[(Mα − Ms ) sin φ]A
.
Ms2 A2 + 2A(Mα − Ms )Ms cos φ + (Mα − Ms )2

Here
h
i1/2
πα
A = 1 + 2(ωτ )1−α sin
+ (ωτ )2(1−α)
2
and

·
φ = αrctg

¸
(ωτ )1−α cos απ
2
.
1 + (ωτ )1−α sin απ
2

A representative plot of the fitted data at temperature 313 K is shown by solid line
in figure 5 for which the value of α is found to be 0.3.
Going further in the description of experimental data, the variation of normalized
00
00
parameters M 00 /Mm
and Z 00 /Zm
as a function of logarithmic frequency measured at
00
333 K for CdS is shown in figure 7. The position of the peak in Z 00 /Zm
is shifted to
00
00
a lower frequency region in relation to the M /Mm peak. It is possible to determine
the type of the dielectric response by inspecting the magnitude of overlapping between the peaks of both parameters Z 00 (ω) and M 00 (ω) [15]. The overlapping peak
976
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00
Figure 7. Frequency (angular) dependence of normalized peaks, M 00 /Mm
00
00
and Z /Zm , for CdS.

00
00
position of M 00 /Mm
and Z 00 /Zm
curves is the evidence of delocalized or long-range
00
00
peaks
and Z 00 /Zm
relaxation [15]. However, for the present system the M 00 /Mm
do not overlap but are very close, suggesting the components from both long-range
and localized relaxation.

4. Conclusion
The frequency-dependent dielectric dispersion of CdS nanoparticles synthesized by
soft chemical method is investigated in the temperature range of 303–413 K. The
increasing dielectric constant with increasing temperature is attributed to the conductivity which is directly related to an increase in mobility of localized charge
carriers. The frequency-dependence maxima of the imaginary part of loss tangent
are found to obey Arrhenius law with activation energy ∼1.3 eV. Analyses of the
real and imaginary part of complex impedance with frequency were performed assuming a distribution of relaxation times as confirmed by Cole–Cole plot. The
frequency-dependent electrical data are also analysed in the framework of conductivity and modulus formalisms.
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