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Abstract: Eu-doped CuS nanoparticles stabilized by L-cysteine were synthesized by a low-temperature soft aqueous route. 
X-Ray Diffraction (XRD) patterns of the synthesized products reveal the formation of the hexagonal structure of covellite CuS. 
Scanning Electron Microscopy (SEM) images depict that the as-prepared nanoparticles exhibit relatively sphere like shaped 
morphology. Transmission Electron Microscopy (TEM) analyses show that the average size of the nanoparticles was found to 
be reduced with increasing the Eu concentration. UV-Visible optical absorption measurements reveal that the optical band gap 
is increased with increasing the Eu concentration, showing the presence of a blue shift due to quantum size effects. Impedance 
spectra were well modelled by introducing an electrical equivalent circuit. The electrical conductivity was found to be 
increased with increasing the Eu concentration. The temperature dependence of the DC conductivity confirmed the 
semiconducting nature of the as-prepared nanoparticles and was found to obey the Arrhenius law with two activation energies. 
The frequency dependence of the AC conductivity has been analyzed by Jonscher’s power law suggesting the non-overlapping 
small polaron tunneling (NSPT) type of conduction. The polaron hopping energy was found to be increased with increasing the 
Eu concentration. The dielectric constant of the as-synthesized nanoparticles was found to be decreased with the increase in Eu 
concentration. The dielectric loss tangent was found to be decreased and then increased at higher frequencies with increasing 
the Eu concentration. 
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1. Introduction 

Semiconductor nanostructures have attracted much interest 
in the scientific community because of their unique 
characteristics that cannot be obtained from conventional 
bulk materials. Owing to their unique size-dependent 
properties, quantum confinement, and large surface to 
volume ration of atoms [1], semiconductor nanostructures 
display novel structural, optical, electronic and magnetic 
properties, and because of which they find many important 
technological applications. Currently, more attention is paid 
to the synthesis and characterization of transition metal 
chalcogenide compounds at nanoscale because of their novel 
physical and chemical properties and extensive applications. 
Among the different chalcogenides, covellite copper sulfide 

(CuS) is extensively studied in past few years due to their 
versatility, availability and low-toxic nature, making its use 
in wide range of applications from energy to biomedical field. 
CuS is a semiconductor with direct band gap. The copper 
vacancies present in the CuS act as electron acceptors, 
making it a p-type semiconductor [2]. it can also be 
transformed into superconductor at about 1.6 K [3]. CuS is a 
promising material with potential applications in many fields 
such as optoelectronic devices [4], photocatalysis [5], 
photovoltaic cells [6], sensors [7], batteries electrodes [8] and 
tissue imaging [9]. Furthermore, CuS nanostructures with 
various morphologies, such as nanoparticles [10], nanowires 
[11], nanorods [12], nanoplates [13], nanoribbons [14], and 
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nanotubes [15] have been synthesized over the years with 
several methods including chemical co-precipitation method 
[10], hydrothermal method [16], solvothermal method [17], 
combustion method [18] and solid state reaction method [19]. 

Many efforts have been made to develop nanostructures 
with superior optical and electrical characteristics. 
Incorporation of rare-earth ions into chalcogenide 
semiconductors has been the subject of numerous 
investigations [20]. Generally, rare earth elements are 
incorporated in semiconductors to improve the luminescence 
efficiency by creating new electron energy level or 
perturbing the host energy level and Europium (Eu) is a 
suitable dopant since it is one of the most reactive rare earth 
elements. 

Herein, a low-temperature soft aqueous route was 
employed to synthesize Cu1-xEuxS (x=0.00, 0.01, 0.03, 0.05) 
nanoparticles. Besides, the structure, composition, 
morphology, particle size, optical properties and electrical 
properties were analyzed. 

2. Experimental Details 

2.1. Synthesis of Eu-doped CuS Nanoparticles 

Undoped and 1%, 3%, and 5% Eu-doped CuS 
nanoparticles stabilized by L-cysteine were prepared by 
aqueous method. Copper (II) sulfate pentahydrate 
(CuSO4.5H2O, min. 99%), europium (III) chloride 
hexahydrate (EuCl3.6H2O, 99.9%) and sodium sulfide 
nonahydrate (Na2S.9H2O, 98+%) were used as precursors 
and L-cysteine (C3H7NO2S, 97%) was used as surface ligand. 
All solutions were prepared using distilled water as the 
solvent. Eu-doped CuS nanoparticles are prepared as follows; 
in a two-neck round-bottomed flask, 5 mL of 0.1 M 
CuSO4.5H2O, x µL of 0.1 M EuCl3.6H2O and 20 mL of 0.1 
M C3H7NO2S were combined. The pH of this solution was 
adjusted to 11 using 2 M sodium hydroxide (NaOH, min. 
99%). The solution was then degassed by bubbling argon gas 
for 30 min after which 4.5 mL of degassed 0.1 M Na2S.9H2O 
were quickly injected into the solution. The reaction mixture 
was then brought to reflux and stirred at 95 °C. After 4 h of 
heating, the solution was cooled down to room temperature. 
The obtained precipitates were collected, washed with 
ethanol for several times and then dried at 60 °C in air before 
further characterization. 

2.2. Characterization 

The as-synthesized Eu-doped CuS nanoparticles were 
characterized using various analytical techniques. Identity, 
structure, purity and crystallite size were estimated by X-ray 
powder diffraction (XRD) using a Bruker D8 advance X-ray 
diffractometer with CuKα radiations (λ=1.5418 Å). The 
morphology was scrutinized using a JEOL-JEM 5510 
scanning electron microscopy (SEM). The average particle 

size and the phase composition were examined using a FEI 
Tecnai G2 transmission electron microscopy (TEM) coupled 
with energy dispersive X-ray spectroscopy (EDXS) system 
by placing a drop of the particles in ethanol onto a carbon 
film supported gold grid. The optical absorption 
measurements were carried out using a T60 UV-Visible 
spectrophotometer. The photoluminescence (PL) properties 
were measured using a Perkin Elmer LS-55 Fluorescence 
Spectrometer at room temperature. Electrical properties were 
performed using a Hewlett-Packard HP 4192A Impedance 
Analyzer in a frequency range (10 Hz - 3 MHz) at various 
temperature (30°C - 130°C). 

3. Results and Discussion 

3.1. Structural Analysis 

Figure 1(a) shows XRD patterns of the Cu1-xEuxS (x=0.00, 
0.01, 0.03, 0.05) nanoparticles at room temperature. It can be 
noted that the diffraction peaks of all samples could be 
indexed to the hexagonal covellite phase with space group 
P63/mmc. The average crystallite size (D) was estimated 
from the Debye-Scherer formula, 

� =
� �

� ��	

                                     (1) 

where the constant �  is the shape factor=0.89, �  is the 
wavelength of X-ray radiation and 
 is the full width at half 
maximum of the peak at diffraction angle � . The average 
crystallite sizes of Cu1-xEuxS nanoparticles are given in table 
1 and found to be reduced with increasing the Eu dopant 
concentration. Furthermore, the lattice parameters for the 
samples were analyzed by the Rietveld refinement method 
(Table 1). It may noticed that �  and �  increase with 
increasing the Eu dopant concentration. 

3.2. Morphological and Microstructural Studies 

Energy dispersive X-ray spectroscopy (EDXS) studies of 
the Eu-doped CuS nanoparticles indicate the presence of 
copper, sulfur and europium elements with the expected 
stoichiometric ratios (Table 1). All the samples exhibit the 
same morphology, as an example, we give in figure 1(b) and 
figure 1(c) the scanning electron microscopic image of Cu1-

xEuxS (x=0.05) and the transmission electron microscopic 
image of Cu1-xEuxS (x=0.01), repectively. SEM image 
depicts that the as-prepared nanoparticles exhibit relatively 
sphere like shaped morphology with random aggregation of 
tiny crystalline nuclei (Figure 1(b)). TEM image shows that 
particles have a spherical morphology (Figure 1(c)). Based 
on statistical analysis of numerous entities in many regions of 
all samples, the average size of the nanoparticles was shown 
in table 1 and was found to be reduced with increasing the Eu 
dopant concentration, which is in good agreement with the 
results estimated from the XRD technique. 
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Table 1. Size, lattice parameters, optical band gap and elemental composition of Cu1-xEuxS nanoparticles. 

x 
Size (nm) Lattice parameters Optical band gap �� (eV) Measured elements (% Atomic) 

XRD TEM � ��� � ��� Cu Eu 

0.00 13.3 11.2 3.7982 16.3730 2.39 100.0 0.0 
0.01 12.8 10.5 3.7986 16.3923 2.43 98.7 1.3 
0.03 12.1 9.9 3.7996 16.4257 2.49 97.4 2.6 
0.05 11.6 9.3 3.8006 16.4578 2.54 94.9 5.1 

 

 

 

 

Figure 1. (a) X-Ray powder diffraction patterns of Cu1-xEuxS nanoparticles, 

(b) SEM image of Cu1-xEuxS (x=0.05) and (c) TEM image of Cu1-xEuxS 

nanoparticles (x=0.01). 

3.3. Optical Absorption Studies 

The UV-Visible optical absorption spectra of Cu1-xEuxS 
nanoparticles (x=0.00, 0.01, 0.03, 0.05) is shown in figure 
2(a). It is clear that the as-synthesized Eu-doped CuS 
nanoparticles exhibit strong photo-absorption in the 
wavelength between 300 nm and 600 nm. In addition, all the 
samples show increased absorption in the near-IR region 
which are ascribed to the absorption of covellite CuS phase 
[21]. Further, the absorption edge shifts towards the lower 
wavelength with increasing the Eu dopant concentration; this 
indicates the decrease in particle size, as obtained from XRD 
and TEM. The energy band gap �� can be calculated using 
the relation below, 

��� � ���� � ����                                (2) 

where � is the absorption coefficient, � is the Planck constant, 
�  is the frequency of the incident photon energy, �  is a 
constant and   depends on the type of transition and is equal 

to 
!

"
 for a direct band gap semiconductor. The energy band 

gaps ��  of Cu1-xEuxS nanoparticles were determined by 
Tauc’s plot. The estimated band gap value of undoped CuS 
nanoparticles is 2.39 eV, which is higher than the band gap of 
CuS at bulk counterpart (2.20 eV) [21] and it is the direct 
evidence of quantum confinement associated with nanoscale 
regime of the particles. The measured band gap values of 
Cu1-xEuxS (x=0.01, 0.03, 0.05) nanoparticles are 2.43 eV, 
2.49 eV and 2.54 eV, respectively, as listed in table 1. As can 
be seen, ��  is increased with increasing the Eu dopant 
concentration, showing the blue shift which can be explained 
by the confinement of electrons and holes in extremely small 
volume of space and formation of smaller nanosized as 
dopant concentration increased. This effect is also known as 
the Burstein-Moss shift [22]. 

3.4. Photoluminescence Studies 

The PL spectra at room temperature excited with a 
wavelength of 360 nm for Cu1-xEuxS (x=0.00, 0.01, 0.03, 
0.05) nanoparticles are shown in figure 2(b). It is clear that 
all samples exhibit two blue emission bands located at 460-
470 nm and 480-483 nm, two green emission bands situated 
at 519-525 nm and 547-550 nm, as well as an orange 
emission hump positioned at 600 nm. This peak at 600 nm is 
attributed to the energy level of the defect since its intensity 
is sensitive to the concentration of Eu3+ in the CuS crystal 
lattice and becomes sharper as increasing Eu concentration, 
which is the result of the 5

D0 � 7F1 transition of the Eu3+ ions 
[23]. The observed PL peaks are markedly blue shifted with 
increasing Eu concentration. This systematic shift of the 
emission bands towards the lower wavelength is due to the 
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decrease of the particle size, indicating the quantum 
confinement effect. From figure 2(b), it obvious that the 
luminescence intensity increases with increasing Eu 

concentration due to the higher recombination rate of 
electrons and holes [24]. 

 

Figure 2. (a) Optical absorption spectra and (b) room temperature photoluminescence spectra of Cu1-xEuxS nanoparticles. 

3.5. Electrical Properties 

3.5.1. Impedance Spectroscopy Analysis 

The complex impedance is given by, 

#$ � #% � &#%%                                (3) 

where #%  is the real part of impedance and #%%  is the 
imaginary part of impedance. Figure 3 shows impedance 
spectra of Cu1-xEuxS (x=0.00, 0.01, 0.03, 0.05) nanoparticles, 

measured at various temperatures from 30 to 130 °C. The 
inset of figure 3 shows the simple equivalent circuit 
comprising a parallel '( � )*� �+(�  network serially 
connected to '	; where '	 is the series resistance which may 
be arises due to the electrode effect, '( is the DC resistance 
and )*� �+(� (Constant Phase Element) is introduced in the 
circuit corresponding to the grain boundary properties due to 
non-ideal capacitive behavior [25]. 

 

Figure 3. Nyquist plots of Cu1-xEuxS nanoparticles. Inset: Equivalent circuit. 

The capacitance values )(  for all samples at all 
temperatures are calculated using relation given below [25], 

)( � �+(. '(
!-α�

.
α                             (4) 

where, α is the degree of deviation �0 0 α 0 1�; α � 1 for 
pure capacitor and α � 0 for pure resistor. The experimental 
complex impedance data were fitted by the EC-Lab fitting 
software. The variation of the fitted values, '( and )(, with 
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temperature for all the samples are shown in figure 4(a-b). 
The decrease of '( and the increase of )( with increasing in 

temperature indicate the semiconducting nature of samples. 

 

Figure 4. Variation of (a) resistance '( and (b) capacitance )( values with temperature for Cu1-xEuxS nanoparticles. 

All samples exhibit similar behavior of variation of 
imaginary part of impedance versus logarithmic angular 
frequency. For example, figure 5(a) shows #%% as a function 
of 234�5�  at different temperatures of Cu1-xEuxS (x=0.05) 
nanoparticles. With the rise in temperature, the intensity of 
the peaks of all the samples gradually decreases because the 
impedance values are reducing with the increase in 
temperature. Furthermore, as shown in the inset of figure 5(a), 
the peaks of #%%  shifts towards higher frequency as the 
temperature increases which implies that the rate of hopping 
of localized charge carrier increases [25]. Moreover, the 
asymmetric broadening of peaks indicates the non-Debye 
relaxation involved with electrical processes in the material 
[26]. 

3.5.2. Electrical Conductivity 

The electrical conductivity �6�  can be calculated using 
expression given as follows [27], 

6 �
7

	
 

89

 89:;899:                                  (5) 

where < and = are the thickness and the cross sectional area of 
the samples. We note that all samples have similar behavior 
of variation of logarithmic electrical conductivity versus 
logarithmic angular frequency. For instance, figure 5(b) 
shows 234�6�  as a function of 234�5�  at various 
temperatures of Cu1-xEuxS (x=0.05) nanoparticles. 

 

Figure 5. Variation of (a) imaginary part of impedance �#%%� and (b) electrical conductivity �6� with angular frequency at different temperatures for Cu1-xEuxS 
(x=0.05) nanoparticles. 

It is observed that the electrical conductivity �6� presents 
two distinct regions within the angular frequency, 
corresponding to different conduction mechanism; the 
plateau region (DC conductivity �6>?�) and the dispersive 
region (AC conductivity �6@?�). The frequency dependence 
of electrical conductivity �6�  can be described through 
Jonscher’s power law [28] and it is defined as, 

6 � 6>? A 6@?  with 6@? � � 5B                     (6) 

where �  is the proportionality constant and C  is the 
frequency exponent which is used to understand the 

conduction mechanism in materials. The conductivity 6>? for 
Cu1-xEuxS nanoparticles can be estimated from figure 5(b). It 

can also be calculated using the relation, 6>? �
7

	 DE
. 6>? 

versus 
!

F
 of Cu1-xEuxS nanoparticles are shown in figure 6(a). 

The DC conductivity is found to be increased with the 
increase in temperature; this indicates that the electrical 
conductivity mechanism may be thermally activated process. 
The relation between DC conductivity �6>?� and temperature 
�G� follows Arrhenius law given as follows, 
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6>? � 6HI
-

JK
LMN                                 (7) 

where 6H  is the pre-exponential factor, �O  is the activation 
energy and �P  is the Boltzmann constant. As can be seen 
from figure 6(a), Arrhenius plots are consisting by two parts 
referred as part I �G Q  100°C �  and part II �G R  100°C� , 
implies, two activation energies, �O! (part I) and �O" (part II). 
The evaluated values of the activation energies are 
summarized in table 2. It is clear that in both parts, the 
activation energies are found to be increased with the 
increase of Eu concentration. In the dispersive region, the 
parameters � and C of 6@?  can be obtained by fitting the plot 
of 234�6�  versus 234�5� . In our case and regarding the 
variation of C  versus temperature for Cu1-xEuxS 
nanoparticles, it is found that the exponent C remains less 
than a unity and increases with the increase in temperature 
for all the samples. So, the non-overlapping small polaron 
tunneling (NSPT) [27, 29] seems to be the most model 
related to the obtained results. In this model, small polarons 
are formed when a charge carrier (as moving electrons in 

lattice) deforms the surrounding lattice, and a tunneling 
process is responsible for conductivity. According to this 
model, the frequency exponent �C� is given by the following 
relation [29], 

C � 1 A
S 

TU
LMN

 - V��WX�
                          (8) 

where YB  is the polaron hopping energy and Z  is the 
characteristic relaxation time that can be obtained from the 
value of 5H corresponds to the maximum of the peak of #%% 

versus 234�5�  using the relation, Z �
!

W[
. In the case of 

\U

�MF
] 2 �5Z�, C becomes [29], 

C � 1 A
S �MF

\U
                          (9) 

The variation of the calculated values of YB  versus 
temperature is shown in figure 6(b). YB  is found to be 
increased with increasing in temperature and Eu 
concentration. 

 

Figure 6. Variation of (a) DC conductivity �6>?� and (b) polaron hopping energy �YB� with temperature for Cu1-xEuxS (x=0.05) nanoparticles. 

Table 2. Activation energies of Cu1-xEuxS nanoparticles. 

x 
Activation Energy (^ 10-2 eV) 

��_ ��` 

0.00 1.90 8.57 
0.01 2.19 13.91 
0.03 3.25 19.51 
0.05 3.65 26.96 

3.5.3. Dielectric Analysis 

The complex permittivity is given by, 

a$ � a% � &a%%                                   (10) 

where a% is the dielectric constant and a%% is the dielectric loss. 
a% and a%% can be calculated using the following relations [26], 

ε
 % �

899

ω ?[ �89:;899:�
                               (11) 

ε %% �
89

ω ?[ �89:;899:�
                               (12) 

where, )H �
ε[ 	

7
 is the free space capacitance [26] and εH is 

the free space permittivity. The dielectric loss tangent 
�<�  b� is given by the relation below, 

<�  b �
ε 99

ε 9                                 (13) 

All samples exhibit similar behavior of variation of 
dielectric constant versus logarithmic angular frequency. As 
an example, figure 7(a) shows a% as a function of 234�5� of 
Cu1-xEuxS (x=0.05) nanoparticles at different temperatures. 
On the one hand, it is observed that a% decreases gradually 
with the increase of the frequency and attains an almost 
constant value at higher frequencies; at low frequencies 
�5 c 5H� , a%  depends on four types of polarization 
(electronic, ionic, orientation and space charge polarizations) 
[26]. As the frequency is increased �5 0 5H�, the orientation 
polarization is decreased and dipoles begin to lag behind the 
electric field, which can cause the reduction of the value of a% 
with increase in frequency. When the frequency reaches the 
characteristic frequency �5 � 5H� ,  a%  drops (relaxation 
process). At very high frequencies �5 ] 5H�, dipoles will be 
completely unable to follow the field and the polarization is 
stopped. Thus, a%  decreased and attained a constant value 
[26]. On the other hand, we note that in all samples, the 
dielectric constant increases with increasing temperature due 
to the fact that, an increase in temperature facilitates more 
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and more dipole to be oriented along the electric field and a% 
increases also with increasing Eu dopant concentration. 
Further, all samples have similar behavior of variation of 
dielectric loss tangent versus logarithmic angular frequency. 
For instance, figure 7(b) shows <�  b  as a function of 
234�5�  of Cu1-xEuxS (x=0.05) nanoparticles at various 
temperatures. All curves indicate that the dielectric loss 

tangent is strongly dependent on frequency of the applied 
electric field; it decreases with increasing frequency until 
reaching almost a constant value. <�  b  is also strongly 
dependent on temperature for all the samples. This figure 
shows that <�  b decreases with the increase in temperature. 
We note also that <�  b decreases with increasing Eu dopant 
concentration. 

 

Figure 7. Variation of (a) dielectric constant �a%� and (b) loss tangent �<�  b� with angular frequency at different temperatures for Cu1-xEuxS (x=0.05) 
nanoparticles. 

4. Conclusion 

Low-temperature soft aqueous route was employed to 
synthesize Eu-doped CuS nanoparticles stabilized by L-
cysteine. XRD analyses reveal the formation of the 
hexagonal structure of covellite CuS and indicate that the 
crystallite size is found to be reduced with increasing Eu 
dopant concentration. Electronic microscopy images depict 
that the as-prepared nanoparticles exhibit relatively sphere 
like shaped morphology with random aggregation and show 
that the average size was reduced with increasing Eu 
concentration. UV-Visible optical absorption measurements 
reveal that the optical band gap is increased with increasing 
Eu concentration, showing the presence of a blue shift due to 
quantum size effects. Photoluminescence measurements 
show a blue shift with increasing Eu concentration indicating 
the quantum confinement effects. The #%%  relaxation peaks 
shifted towards higher frequency with the increase in 
temperature and show broad asymmetric nature indicated the 
thermally activated relaxation and the non-Debye type. The 
temperature dependence of the DC conductivity was found to 
obey the Arrhenius law with two activation energies. The 
theoretical fitting of experimental data of AC conductivity 
suggests the non-overlapping small polaron tunneling type of 
conduction. Dielectric constant �a%�  of Eu-doped CuS 
nanoparticles decreases gradually with the increase in 
frequency and attains an almost constant value at higher 
frequencies. It also increases with the increase in temperature 
and Eu concentration. Dielectric loss tangent �<�  b�  of 
samples was found to decrease rapidly with the increase in 
frequency until reaching almost a constant value. <�  b also 
decreases with the increase in temperature and Eu 
concentration. 
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