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The synthesized Ce-doped ZnS nanoparticles by chemical precipitation method were
dropped on TiO2 coated on FTO conductive glass substrates. The photovoltaic property of
the obtained Ce-doped ZnS/ TiO2/ FTO structure was investigated by measuring current
density (J) – voltage (V) and incident photon to current efficiency (IPCE), respectively.
Power conversion efficiency of nanoparticles was calculated using the recorded J-V curve.
Thus, both IPCE and J-V measurements have been shown experimentally that Ce-doped
ZnS nanoparticles can be used as promising sensitizers in photovoltaic applications.
Morever, the structural, elemental and photovoltaic properties of Ce-doped nanoparticles
were studied by x-ray diffraction (XRD), energy dispersive x-ray (EDX), optical
absorption and photoluminescence (PL) measurements, respectively. The characterization
results were discussed.
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1. Introduction
One of the recent active research topics is the examination of semiconductor nanoparticle
materials [1-2]. Semiconductor nanoparticles have their own electrical, optical, and magnetic
properties due to quantum confinement and surface effects. These features enable nanoparticles to
be used in different applications such as electronics, optics, catalysis and biology [3-5].
One of the alternative approaches to improve the optical properties of nanoparticles is the
doping. The optical and electrical properties of the doped nanoparticles have been of great interest
to researchers because they can be modified. Both the emission band of the host material and the
emission band that can occur due to the additive material are affected by the quantum confinement
[6-9].
As is known, rare elements are used as dopants to improve the luminescence properties of
nanoparticles because they have the special 4f-4f intra shell transitions [10]. Electroluminescence
devices, photonic, biophotonic and optical memory devices are some of the applications of rareelement-doped semiconductor nanoparticles [11].
Especially, the synthesis and characterization of rare-element-doped II-VI semiconductor
nanoparticles has received a great deal of attention because of its advantages such as high quantum
efficiency and short lifetime [12-13]. Bharvaga et al. [14] has published one of the most important
studies on the doped II-VI semiconductor nanoparticles. They reported that doped ZnS
nanoparticles show different luminescence. They also suggested doped ZnS nanoparticles can be
used in efficient phosphor materials production. In different studies [15-17], different rareelements doped ZnS nanoparticles were synthesized and their optical properties were investigated.
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The recorded result have indicated that these nanoparticles have potential to be used as
luminescent materials.
In this present study, Ce, is one of rare- elements, was used as a dopant to synthesize Ce
doped ZnS nanoparticles by chemical precipitation method at room temperature. Structural,
elemental and optical properties of synthesized Ce-doped ZnS nanoparticles were investigated by
x-ray diffraction (XRD), energy dispersive x-ray (EDX), optical absorption and
photoluminescence (PL) measurements, respectively. Ce doped ZnS/TiO2/FTO structure was
obtained by dropping Ce doped ZnS nanoparticles on TiO2 coated on FTO conductive glass. Thus
the photovoltaic properties of Ce doped ZnS nanoparticles were investigated by measuring current
density (J) – voltage (V) and incident photon to current efficiency (IPCE), respectively. Moreover,
power conversion efficiency of Ce doped ZnS/TiO2/FTO structure was calculated using the
recorded J-V curve.
2. Experimental details and characterization
Ce-doped ZnS nanoparticles were synthesized using chemical precipitation technique,
which is both feasible and cost-effective. Synthesis process was carried out at room temperature.
Steps followed for the synthesis of Ce-doped ZnS nanoparticles;
(1)
0.1 M zinc acetate and 0.00025 M cerium acetate were dissolved in 100 ml of
deionized water.
(2)
100 ml of 0.1 M sodium sulfide aqueous solution were poured onto (Zn+Ce)
mixture by dropwise.
(3)
Stirring was continued until a homogeneous mixture was obtained. The stirring
was then terminated to allow precipitation of the mixture.
(4)
The precipitated sample was removed from the solvent using filter paper.
(5)
The sample on the filter paper was washed several times with distilled water and
ethanol, respectively.
(6)
Finally, the wet sample was dried at certain temperature in the oven.
Structural properties of pure ZnS and Ce-doped ZnS nanoparticles were characterized by
X-ray diffraction (XRD) on a Rigaku x-ray diffractometer with Cu Kα (λ= 154,059 pm) radiation.
Energy dispersive x-ray (EDX) (JEOL JSM 5800) was used to study the elemental analysis of
nanoparticles. Optical characterizations were performed by ultraviolet-visible (UV-Vis) and
photoluminescence (PL) spectroscopies on a Perkin-Elmer Lambda 2 and a Perkin-Elmer LS 50B,
respectively. The incident photon-to-current efficiency (IPCE) and current density (J)- voltage (V)
measurements were carried out using PCE-S20 with a monochromatic light source consisting of a
150 W Xe lamp and a monochromator.
3. Results and discussions
The comparison of XRD diffraction patterns of pure ZnS and Ce-doped ZnS nanoparticles
is shown in Fig. 1 (a-b), respectively.

Fig. 1a. The recorded XRD patterns for pure ZnS nanoparticles
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Fig. 1b. The recorded XRD patterns for Ce-doped ZnS nanoparticles

The JCPDS powder difraction file No. 5-0566 reports that ZnS has a zinc blende (ZB)
structure which is one of commonly available phases of ZnS. Three diffraction patterns
corresponding to (111), (220) and (311) Miller indices were observed at 2θ = 28.3 0, 47.60 and
56.20 values for Ce-doped ZnS nanoparticles. These three diffraction patterns are an indication that
the synthesized Ce-doped ZnS nanoparticles are in the cubic structure. Thus, the obtained result is
consistent with the JCPDS powder difraction file No. 5-0566. Using the Bragg’s relation given in
Equation 1, the distance between successive lattice planes of pure ZnS and Ce-doped ZnS
nanoparticles was calculated as 0,311 nm and 0.307 nm for (111) plane, respectively.
𝜆

𝑑ℎ𝑘𝑙 = 2𝑠𝑖𝑛𝜃

(1)

where, 𝑑ℎ𝑘𝑙 : interplanar distance, 𝜆: wavelength of x-ray, 𝜃: Bragg’s angle.
The calculated values are in a good agreement with observation was reported by Gao et al.
[18]. It is possible to calculate the particle sizes of the synthesized nanoparticles using the recorded
XRD diffraction patterns with the Scherrer's relation given in Equation (2).
𝑘∗𝜆

𝑡 = 𝛽∗𝑐𝑜𝑠𝜃

(2)

where, 𝑡: crystal size of nanoparticles, 𝜆: wavelength of x-ray, 𝜃: Bragg’s angle, 𝑘: constant (its
value is 0.9), 𝛽: value of full width at half maximum (FWHM).
The calcualted particle size for pure ZnS and Ce-doped ZnS nanoparticles are 2.23 and
2.27 nm respectively. As a result, two important observations should be noted. First, the Ce dopant
does not change the crystal structure of ZnS. This is an indication that Ce-doped ZnS nanoparticles
were succesfully synthesized. Secondly, the particle size of Ce-doped ZnS nanoparticles is higher
than that of pure ZnS due to the Ce dopant. The reason for this is attributed to the ionic radius of
Zn2+ (88 pm) being smaller than Ce3+ (103 pm).
The UV-Vis absorption spectra recorded for pure ZnS and Ce-doped ZnS nanoparticles as
a result of optical absorption measurements are shown in Fig. 2 (a-b), respectively.

802

Fig. 2a. The recorded optical absorption spectra for pure ZnS nanoparticles

Fig. 2b. The recorded optical absorption spectra for Ce-doped ZnS nanoparticles

Absorption spectrum of pure ZnS nanoparticles was observed at shorter wavelengths than
bulk ZnS. This shift, called blueshift, can be attributed to the quantum confinement effect of ZnS
nanoparticles [19-20]. Absorption spectra of Ce-doped ZnS nanoparticles were recorded at longer
wavelengths than pure ZnS. The similar result was reported by Anand et al. [21]. They explained
that Ce might be covalently bonded to ZnS. In addition, this shows that the energy band gap of Cedoped ZnS nanoparticles is narrower than that of pure ZnS. In other words, a new energy state can
occur at the surface of the energy band gap of ZnS nanoparticles [22]. Using the Tauc equation
given in Reference [23], the (αhν)2 vs (hν) curve shown in Fig. 3 (a-b) for both samples was
drawn.

Fig. 3a. The plotted (αhν)2 vs (hν) curve for pure ZnS nanoparticles
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Fig. 3b. The plotted (αhν)2 vs (hν) curve for Ce-doped ZnS nanoparticles

Where, α: the absorption coefficient, hν: photon energy. Thus, the energy band gap values
of pure ZnS and Ce doped ZnS nanoparticles were determined as 4.04 and 3.97 eV, respectively.
Considering the quantum confinement effect, it is expected that the particle size of Ce-doped ZnS
nanoparticles having a narrower energy band gap compared to pure ZnS nanoparticles should be
larger. The particle size of pure ZnS and Ce-doped ZnS nanoparticles using Brus equation given in
Reference [24] was calculated as 2.45 and 2.42 nm, respectively. This result is in agreement with
the values obtained for both samples using Scherrer equation.
The PL spectra recorded at room temperature for pure ZnS and Ce-doped ZnS
nanoparticles are shown in Fig. 4(a-b), respectively. The excitation wavelength was used as 310
nm.

Fig. 4a. The recorded PL spectrum at room temperature for pure ZnS nanoparticles

Fig. 4b. The recorded PL spectrum at room temperature for Ce-doped ZnS nanoparticles

A board emission band was observed at 450 and 453 nm for pure ZnS and Ce-doped ZnS
nanoparticles, respectively. The peak at 453 nm can be assigned to the presence of surface states
owing to Ce dopant while the peak at 450 nm has been attributed to the trap/defect emission of
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ZnS. The reason of observed shift in Ce-doped ZnS nanoparitcles could be because of fact that it is
difficult to be incorporated Ce3+ ions into ZnS lattice since the ionic radius of Zn2+ (88 pm) is
smaller than that of Ce3+ (103 pm). Therefore, Ce3+ could be surrounded by ZnS nanoparticles.
EDX measurement was carried out on Ce-doped ZnS nanoparticles to determine if the
doping process was successfully performed or not. The EDX spectra recorded for Ce-doped ZnS
nanoparticles are shown in Fig. 5. Thus, observing the peaks of the Ce element is an indication that
Ce content was successfully doped into ZnS nanoparticles. In addition, the concentrations (%) of
Zn, S and Ce elements were determined as 70.142, 29.840 and 0.018, respectively.

Fig. 5. EDX spectra for Ce-doped ZnS nanoparticles

Photovoltaic properties of synthesized Ce-doped ZnS nanoparticles were investigated in
this study for the first time using photon-to-current conversion efficiency (IPCE) measurements.
The recorded IPCE spectrum for pure ZnS and Ce-doped ZnS nanoparticles at different incident
light wavelengths are shown in Fig. 6 (a-b), respectively.

Fig. 6a. The recorded IPCE (%) spectrum at different incident light wavelengths
for pure ZnS/TiO2/FTO Structure

Fig. 6b. The recorded IPCE (%) spectrum at different incident light wavelengths
for Ce doped ZnS/TiO2/FTO structures
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Two important observations can be obtained from the Fig. 6 (a-b); (1) Nanoparticles with
higher particle size have better IPCE. The recorded IPCE (%) value for Ce-doped ZnS
nanoparticles at 400 nm was ~6 while it was 2,8 for the ZnS sample. (2) The spectral response of
Ce-doped ZnS nanoparticles is wider than that of ZnS owing to the doping. Due to this feature,
more electrons are transferred to the outer circuits and the formation of dark current is suppressed.
Another process for studying photovoltaic properties is to obtain the J-V curves of
synthesized nanoparticles. Power conversion efficiency (η) values of pure ZnS and Ce-doped ZnS
nanoparticles were calculated using the obtained curves. The J-V curves for pure ZnS and Cedoped ZnS nanoparticles synthesized on TiO2 coated on FTO conductive glasses are indicated in
Fig. 7 (a-b), respectively.

Fig. 7a. Recorded J-V curve for pure ZnS/TiO2/FTO structure

Fig. 7b. Recorded J-V curve for Ce doped ZnS/TiO2/FTO structures

Table 1 shows the ηvalues calculated for both samples using open circuit voltage (VOC)
and short circuit current density (JSC) values determined from the curves shown in Fig. 7 (a-b).
Table 1. Values of VOC, JSC and η (%) for pure ZnS/TiO2/FTO and Ce doped ZnS/TiO2/FTO structures
Samples (nanoparticles)
Pure ZnS/TiO2/FTO
Ce doped ZnS/TiO2/FTO

VOC (V)
0.56
0,57

JSC (mA/cm2)
1.24
3.53

η (%)
2.02
2.27

Taking into account the calculated performance values, Ce dopant seems to be an
important factor to boost the efficiency of ZnS-based solar cells. Thus, both IPCE and J-V
measurements have been shown experimentally that Ce-doped ZnS nanoparticles can be used as
promising sensitizers in photovoltaic applications.
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4. Conclusions
The power conversion efficiency (η%) for pure ZnS/TiO2/FTO and Ce doped
ZnS/TiO2/FTO structures was calculated as 2.02 and 2.27, respectively. This result suggests that
Ce additive material can play an important role to enhance the efficiency of ZnS-based solar cells.
Moreover, it was observed in the IPCE spectra that the spectral response of Ce-doped ZnS
nanoparticles is wider than that of ZnS owing to the doping.
Three diffraction patterns observed in the XRD data are an indication that the synthesized
Ce-doped ZnS nanoparticles are in the cubic structure. The particle sizes of the synthesized pure
ZnS and Ce-doped ZnS nanoparticles using the recorded XRD diffraction patterns were
determined as 2.23 and, 2.27 nm, respectively.
The energy band gap values of pure ZnS and Ce doped ZnS nanoparticles were
determined as 4.04 and 3.97 eV, respectively. Considering the quantum confinement effect, it is
expected that the particle size of Ce-doped ZnS nanoparticles having a narrower energy band gap
compared to pure ZnS nanoparticles should be larger.
A board emission band was observed at 450 and 453 nm for pure ZnS and Ce-doped ZnS
nanoparticles, respectively. The reason of observed shift in Ce-doped ZnS nanoparitcles could be
because of fact that it is difficult to be incorporated Ce3+ ions into ZnS lattice since the ionic radius
of Zn2+ (88 pm) is smaller than that of Ce3+ (103 pm). Therefore, Ce3+ could be surrounded by
ZnS nanoparticles.
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