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Abstract  In this paper, synthesis of europium doped-zinc sulfide (Eu3+: ZnS) spherical nanoparticles was carried out 
using freshly prepared zinc oxide (ZnO) nanorods precursor. The synthetic method used was the precipitation technique. 
Both ZnO nanorods and Eu3+: ZnS spherical nanoparticles were characterized by X-ray diffraction (XRD) analyses, 
transmission electron microscopy (TEM), scanning electron microscopy (SEM), UV-Visible spectroscopy and 
photoluminescence studies. XRD results indicate crystalline nanoparticles with zinc blende and wurzite structures for Eu3+: 
ZnS spherical nanoparticles and ZnO nanorods, respectively. The lattice strain (13.81x10-3 for Eu3+: ZnS and  3.98x10-3 for 
ZnO) shows that Eu3+: ZnS spherical nanoparticles have a ten-fold increase in deformation which is likely caused by the 
introduction of Eu3+ into the ZnS matrix. The morphology of the spherical nanoparticles and nanorods were confirmed from 
SEM and TEM results. Photoluminescence emission studies revealed that no energy transfer between Eu3+ ion and host ZnS 
took place. UV-Visible spectroscopic studies show considerable blue-shift in the absorption energy for both ZnO nanorods 
(277 nm) and Eu3+: ZnS spherical nanoparticles (300 nm). 
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1. Introduction 
Nanophosphors have promising potentials to supplant or 

replace conventional microcrystalline phosphors in 
optoelectronic devices due to the advantage of changing the 
luminescent properties of nanophosphors with reduced 
dimensions. The emission lifetime and rich spectral 
properties of europium ion has made it attractive in different 
applications such as flat panel displays (FPD), plasma 
display panel (PDP), cathode-ray tubes (CRT), fluorescent 
lamps and light emitting diodes etc. However, because of 
low small absorption coefficient, only limited amount of 
radiation can be absorbed by direct excitation in the 4f levels 
of Eu3+ ion[1]. Since luminescence intensity is proportional 
to both luminescence quantum yield and the amount of light 
absorbed, weak light absorption will result in weak 
luminescence. Therefore, Eu3+ ion requires the use of 
suitable host materials to excite (sensitize) the Eu3+ ion 
efficiently in a wide spectral range. Because for Eu3+ ion 
the4f level is shielded from the effect of host crystal field, the  
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f –f transition is forbidden under the Laport rule. Therefore, a 
suitable host must be capable of providing low site symmetry 
for the ion in order to relax the Laport rule. Among the host 
materials used for Eu3+ ions are TiO2[2], Y3Al5O12[3], 
In2S3[4], SnO2[5], GaN[6], SiO2[7], CdS[8], ZnO[9] and 
ZnS[10] etc. 

ZnS doped europium have been reported by many authors, 
however, energy transfer from ZnS host to Eu3+ ion center is 
in doubt. This is because of the low phonon energy of ZnS 
and the energy mismatch between the ZnS host and the Eu3+ 
ion center[11]. In comparison with ZnS host, energy transfer 
from excited ZnO host to Eu3+ have been shown to be more 
favourable because of the available matching levels[9]. Also, 
there is a controversy on whether Eu3+ can be incorporated 
into ZnS semiconductor lattice giving the large differences in 
ionic radii and charge imbalance[8]. Some reports have 
suggested that incorporating Eu3+ into ZnS matrix could be 
possible if the synthetic method is well-designed and the 
charge imbalance is compensated[7, 11]. In this regard, 
synthetic routes such as sol-gel[10], arrested precipitation 
[12] and microemulsion[13] have been employed to dope 
ZnS nanoparticles with Eu3+ ion. 

Nanophosphors of spherical morphology, narrow size 
distribution and low dispersity are desired to improve the 
emission intensity and screen packing[2, 14]. Spherical 
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morphology of phosphor is also good for high brightness, 
high resolution and low scattering of light[15, 16, 17]. In this 
work, we study the possibility of incorporating Eu3+ ion into 
spherical ZnS nanoparticles, their energy transfer prospect 
and enhancement of luminescent emission intensity through 
a new synthetic route. This synthetic route involves first 
synthesizing ZnO nanorods and then converting the rods to 
spherical ZnS nanophosphors after doping with Eu3+ ion. 

2. Experiment 
The synthesis of ZnS: Eu3+ nanophosphor was carried out 

in two stages; firstly ZnO nanoparticles were synthesized 
and secondly a portion of the ZnO nanoparticles was used as 
a precursor for the preparation of ZnS: Eu3+ nanophosphor. 
All reagents used in this work are of analytical grade and 
were used as received without further purification. 

2.1. Synthesis of ZnO Nanorods 

ZnO nanoparticles were synthesized at room temperature 
using arrested precipitation technique. 10g of NaOH was 
made into solution and was drop-wise added to a solution 
containing 53.76g of zinc acetate while stirring. The mixture 
was stirred to obtain white precipitate which was then 
centrifuge at 3500 revolutions per minutes (rpm) for 20 min. 
This was followed by washing the precipitates in ethanol and 
de-ionized water. The precipitate was dried for 10 hours at 
80℃  to obtain a white solid which was made into fine 
powder by grinding.  

The reaction equation for the formation of ZnO is as 
follows;  

2)(32

22)3(

OHZnCOONaCH

NaOHCOOCHZn

+

→+
     (1) 

2)(22 OHZnOHZn +−++                (2) 

↑+ → OHZnOOHZn Heat
22)(           (3) 

2.2. Synthesis of Spherical ZnS:Eu3+ Nanoparticles  

The co-precipitation method was used to synthesize 
spherical ZnS: Eu3+ nanoparticles. 3.033g of the freshly 
prepared ZnO powder was mixed with 0.916g of EuCl3 
(representing 5mol% doping concentration) and dried. 100 
ml binary solution of ethanol-deionized water added to the 
mixture and refluxed at 80℃ for 1hour. Meanwhile, 11.269g 
of thioacetamide (TAA) was separately dissolved in 150 ml 
of ethanol-water binary solution and also heated for 1 hour. 
Both solutions were allowed to cool at room temperature 
before mixing. Alpha-methacrylic acid was added to the 
mixture and the pH was adjusted to a value of 3 using acetic 
acid. The obtained white precipitate was centrifuged at 3500 
rpm for 20 min, followed by washing several times with 
ethanol and then drying at 80℃ for 12 hours. Finally, the 
obtained solid was made into fine powder by grinding. The 

precipitate was dried for 10 hours at 80℃ to obtain a white 
solid which was made into fine powder by grinding.  

The reaction equation for the formation of ZnS:Eu3+ is as 
follows;  
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Combining equations (3), (5) and (7), gives; 
+−++ →++ 3232 : EuZnSSEuZn        (8) 

2.3. Characterization 
Structural characteristics of obtained ZnO and ZnS: Eu3+ 

powder were explored by X-ray diffraction method using 
PANalytical XPERT-PRO diffraction machine with αCuK  

radiation )A5406.1(
o

=λ  with θ2  ranging between 10o 
and 90o. Transmission electron microscopy (TEM) studies of 
samples were carried out using JEOL-JEM 2100 
Transmission Microscope. Ultraviolet-visible absorption 
spectrum was obtained from JENWAY 6405 
spectrophotometer. The shape and size of the particles were 
estimated by scanning electron microscopy (JEOL-JSM 
7500F), while the elemental mapping of Eu in the ZnS was 
carried out using energy dispersive spectroscope attached to 
the SEM. Photoluminescence spectra of ZnO and Eu-doped 
ZnS samples were recorded with Perkin-Elmer LS-55 
Fluorescence spectrometer. All measurements were carried 
out at room temperature under ambient atmosphere.   

2.4. Crystallite Size and Strain Determination 

The Debye-Scherrer equation for estimating crystallite 
size from XRD pattern is given by: 

θβ
λ

cos
KD =                   (9) 

where λ  is the wavelength of αCuK  radiation 

( )A54056.1(
o

=λ , D is the crystallite size, K is a constant 
(K= 0.9), θ  is the diffraction peak position and Dβ  is the 
broadening solely due to small crystallite size. The Scherrer 
equation assumes peak broadening of the diffraction breadth 
to be solely the effect of crystallite size. However, it is 
established that peak broadening could also be caused by 
other factors such as instrumental broadening )( iβ  and 

broadening due to lattice strain )( sβ . The observed peak 

broadening )( oβ  in Fig. 1 can therefore be expressed by: 

hklio βββ +=               (10) 
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where DShkl βββ +=  is the broadening due to 
crystallite size and strain. The instrumental broadening was 
obtained from a coarse-grained, well-annealed high purity 
silver powder (standard) sample subjected to XRD under 
identical conditions as those for the test samples. Equation 
(10) holds if the diffraction peaks are purely Cauchy profile. 
However, the diffraction peaks in Fig. 1 shows better fits to 
the pseudo-voigt profile. The integral breadth width due to 
this broadening effect of the X-ray diffraction peak is given 
by[18]: 

)])([( 22
ioiohkl βββββ −−=        (11) 

The broadening due to lattice strain )(ε  can be 
estimated from Stokes-Wilson equation given by[19]: 

 θs tan4εβ =              (12) 

The dislocation densities )(δ  of ZnS and ZnO are 

expressed by )15( aDεδ =  and )1( 2D=δ , respectively 
[15, 19, 20] where a  is the lattice parameter in a cubic 
structure given as; 

21222 )( lkhda hkl ++=          (13) 

with the unit cell volume as 3aVZnS = , and for a wurzite 
structure we have; 
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with a unit cell volume given by 
2

3 2caVZnO = . 

For a uniformly strained crystal, Williamson-Hall (W-H) 
expressed the peak broadening as a linear combination from 
crystallite size (equation 9) and crystal imperfections/ 
distortion (lattice strain, ε ) (equation 12)[21]: 

( )θελθβ sin4cos +





=

D
K

hkl        (15) 

The plot of θβ coshkl  versus θsin4  from equation (15) 
gives a straight line with the slope equal to the strain, )(ε  
and the intercept along the θβ coshkl  axis equal DKλ  
from where the crystallite size can be calculated. 

3. Results and Discussion 
3.1. Crystallite Structure, Size and Strain 

The XRD patterns of ZnO nanorods and Eu3+-doped ZnS 
spherical nanoparticles shown in Fig. 1 have evident peaks 
which could be indexed to ZnO wurzite structure (JCPDS No. 
31-1451) and cubic (zinc blende) structure of ZnS (JCPDS 
No. 05-0566). No other impurity signals attributed to free 
reactants or other compounds such as Eu2O3 was found in the 
XRD patterns which is an indication that Eu3+ ions are well 

dispersed inside the host matrix without cluster formation. 
The average crystallite sizes estimated from the XRD peak 
widths using the Scherrer equation (equation 9) are 25.5 nm 
and 2.9 nm for ZnO and Eu3+: ZnS powders respectively. 
Similarly, the estimated crystallite sizes using the 
Williamson-Halls equation (equation 15) for ZnO and Eu3+: 
ZnS powders are 36.2 nm and 4.1 nm, respectively. The 
larger crystallite sizes obtained using W-H plots (Fig. 2 and 
Fig. 3) is more accurate because the Scherrer equation does 
not take into consideration the effect of lattice strain in the 
line broadening[22]. The implication is that, the Scherrer 
equation overestimates the effect of crystallite size[13]. 

 
Figure 1.  X-Ray Diffraction patterns of ZnO nanorods and Eu3+: ZnS 
spherical nanoparticles 

 
Figure 2.  Williamson-Halls (W-H) plot for ZnO nanorods 
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Table 1.  The Structural and Geometrical Parameters of ZnO Nanorods and  ZnS: Eu3+ Nanoparticles 

Sample 
Scherrer’s 

method 
D(nm) 

W-H 
method 
D(nm) 

TEM 
D(nm) 

SEM D  
(nm) 

Lattice 

Parameters )(A
o

 

Cell Volume 

)
o
3(A  

Strain 

3
10ε

−
×  

4
10δ

−
×  

(Lines/m2) 

ZnO 25.5 36.2 11.6 6.86.25 ×  
4625.5
2515.3

=
=

c
a

 50.01 98.3  7.63 

Eu3+: ZnS 2.9 4.1 2.8 10.7 5110.5=a  167.38 81.13  91.7 

 

From the W-H plots in Fig. 2 and Fig. 3, the lattice 
distortion ratio (strain, e) of 33.98 10−×  and 313.81 10−×  
was obtained for ZnO nanorods and Eu3+: ZnS spherical 
nanoparticles, respectively. Their respective dislocation 
densities are given in Table 1. The larger lattice strain and 
dislocation density obtained for Eu3+: ZnS spherical 
nanoparticles could be associated with the introduction of 
small quantity of Eu3+ ion in the crystal lattice of ZnS. 
Europium (III) ion has a much larger ionic radius 

3( ) 0.095r Eu nm+ =  than Zn2+ ion 2( ) 0.075r Zn nm+ =
[24]. Therefore, substitution of Eu3+ into Zn2+ lattice site 
would lead to a much higher distortion of the periodic lattice 
of the host. This argument can be collaborated by the large 
lattice constant and unit cell volume of Eu3+: ZnS 
nanoparticles when compared with the standard value and 
other reports on ZnS[25; JCPDS No. 31-1451]. 

 
Figure 3.  Williamson-Halls plot for Eu3+: ZnS spherical  nanoparticles 

3.2. Morphology 

Figure 4 displays the TEM and HRTEM images of ZnO 
nanorods and Eu3+: ZnS nanoparticles. The average crystal 
sizes determined from which figure 4 (a) and (b) are 11.6 nm 
and 2.8 nm for ZnO nanorods and Eu3+: ZnS nanoparticles, 
respectively. These values are in close agreement with the 
results obtained from powdered XRD analysis of the samples 

using Scherrer’s formula for Eu: ZnS nanoparticles. The 
interference fringes of the (101) and (111) planes of some 
particles can be clearly observed from the HRTEM images 
shown in Fig.4(c) and 4(d). The lattice spacing values of 
0.3182 nm and 0.2731 nm measured from these images for 
ZnO nanorods and Eu3+: ZnS nanoparticles, respectively 
agree fairly well with standard values. 

In Fig. 5(a) is shown the SEM micrographs of of ZnO 
nanorods. The micrograph contains large quantities of 
segmented nanorods with average length of 25.6 nm and 
diameter of 8.6 nm. Fig. 5(b) is the SEM image of clustered 
of Eu3+: ZnS spherical nanoparticles with average size of 
10.7 nm. The variation in particle sizes shown in Table 1 
may be due to the inclusion of agglomerates in size 
measurement (e.g. SEM) or overestimation from the 
scattered point distribution obtained in the W-H technique. 
The mechanism of conversion of ZnO nanorods to spherical 
ZnS nanoparticles can be explained as follows; a gradual 
release of S2- ion after the addition of TAA in the solution 
and the presence of NH2

- may be responsible for the 
structural conversion from rods to spherical particles. During 
the conversion process, ion exchange between H2S and ZnO 
occur in the solution mixture. The S2- reacted with Zn2+ 
slowly forming ZnS shell on the ZnO surface under the 
driving force caused by the fact that ZnS is more 
thermodynamically stable due to lower solubility product 
(KSP) (i.e. 17108.6 −×=SPK  for ZnO and 

24102.1 −×=SPK  for ZnS). As a result of continuous 
diffusion of Zn2+ from inside of ZnO cores to the outer 
surface of the ZnS shell along certain ZnO bridges[26] to 
react with S2- in solution, ZnS shell will continue to grow 
thicker while the ZnO core grows thinner. For the 
smaller-size nanorods obtained in our case, it is possible that 
all the ZnO rods are consumed into ZnS formation. Energy 
dispersive spectroscopy (EDS) analysis of the synthesized 
samples in Fig. 5(c) and (d) showed the pure form of ZnO 
nanorod and spherical nanoparticles of ZnS doped with Eu3+ 
ion. No sulfur and europium were present in the EDS 
spectrum of ZnO powdered sample (Fig. 5c). Similarly, for 
Eu3+: ZnS sample spectrum (Fig. 5d); only Zn, Eu and S were 
observed indicating the formation of the pure substance. In 
Fig. 5d, the relatively very weak oxygen peak (when 
compared to Fig. 5c) between 0 and 1 keV could be from air 
trapped in the SEM chamber. 
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Figure 4.  (a) TEM image of ZnO nanorods, (b)TEM image of Eu3+: ZnS spherical nanoparticles, (c) HRTEM image of ZnO nanorods and (d) HRTEM 
image of Eu3+: ZnS spherical nanoparticles 

 

Figure 5.  (a) SEM image of ZnO nanorods, (b) SEM image of Eu3+: ZnS spherical nanoparticles, (c) EDS spectrum of ZnO nanorods and (5d) EDS 
spectrum of Eu3+: ZnS spherical nanoparticles  
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3.3. UV-Visible Spectroscopy Analysis 

Figure 6(a) shows the electronic absorption spectra of 
ZnO nanorods and Eu3+: ZnS spherical nanoparticles. The 
absorption band edge recorded for ZnO nanorods and Eu3+: 
ZnS spherical nanoparticles are 277nm and 300nm, 
respectively. The band gap energies of the samples were 
estimated from the Tauc’s relation for a direct transition 
semiconductor[27]:  

ν
ν

να
h

Eh g
21)(

)(
−

=           (16) 

where the νh  and Eg is the energy band gap of sample and 
of the corresponding bulk, respectively and the absorption 
coefficient )(να  can be expressed as[28]: 
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where d is the thickness of sample holder (cuvette) and TN is 
the normalized transmittance. 

 
Figure 6a.  Absorption spectra of ZnO nanorods and Eu3+: ZnS spherical 
nanoparticles 

The plot of 2( )hα ν  versus νh  in Fig. 6(b) gives a 
discontinuity at the absorption band edge of semiconductor 
nanoparticle. In Fig. 6(b), the intercept at the point of 
discontinuity on the νh  axis corresponds to the absorption 
band edge and it was found to be 4.48 eV and 4.14 eV for 
ZnO nanorods and Eu3+: ZnS spherical nanoparticles, 
respectively. Both absorption peaks show considerable blue 
shift from their bulk values 3.72 eV (cubic zinc blende ZnS) 
and 3.4 eV (ZnO)], which is a consequence of quantum size 
effect[29]. It can also be noticed that though ZnO nanorods 

have larger particle size distribution, its absorption energy is 
larger than that of Eu3+: ZnS spherical nanoparticles. 
According to[2], the relative shift of the absorption energy of 
semiconductors is not exclusively dependent on particle size, 
but also on the difference between the ionic radius of the 
dopant and the host cations as well as the chemical nature of 
the dopants. 

 
Figure 6b.  Energy band gap of ZnO nanorods and  Eu3+: ZnS spherical 
nanoparticles 

3.4. Photoluminescence Studies 

The results of room temperature photoluminescence 
emission spectra of ZnO nanorods and Eu3+: ZnS spherical 
nanoparticles are shown in Fig.7. The emission spectrum of 
ZnO nanorods shows three prominent shoulders at 413 nm, 
441 nm and 586 nm. These peaks become strongest under 
near-band gap excitation (curve c). The violet emission at 
413 nm is assigned to Zn interstitials while the blue emission 
peak at 441 nm is assigned to direct recombination of 
conduction electron in the Zn 3d band and a hole in the O2P 
valence band[30]. The weak green emission peak located at 
586 nm is related to the deep-level defect states which is 
mainly caused by singly ionized oxygen and can be ascribed 
to the recombination of photogenerated holes with electrons 
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occupying vacancy and interstitials of zinc[31]. This green 
emission band (in Fig. 7a) is absent in the ZnS luminescence 
spectrum (Fig. 7b) suggesting that their formation is solely 
caused by defects associated with oxygen vacancy. TN is the 
normalized transmittance.This result also supports our 
earlier suggestion that the oxygen in the EDS spectrum may 
be from air trapped in the SEM chamber.  

Luminescence emission in the range 440 nm – 492 nm 
recorded for Eu3+: ZnS nanoparticles can be ascribed to a 
self-activated centre formed between a Zn vacancy and a 
shallow donor associated with sulfur vacancy[17]. It is noted 
that the interstitially located Zn2+ were removed after 
conversion from ZnO to Eu3+: ZnS. This is evident from the 
quenching of the violet band located at 413 nm. The removed 
interstitial Zn2+ might have been substituted by S2- which has 
a larger ionic radius, thus increasing the strain in the ZnS 
host lattice. Interestingly, the intensity of the blue emission 
at 440nm remains almost unaltered even after the conversion 

of ZnO into Eu3+: ZnS, confirming our earlier argument that 
the blue emission was due to Zn vacancies. The blue-yellow 
emission band at 520 nm could be formed by the transfer of 
trapped electrons on the sulfur vacancies to interstitial sulfur 
states[32]. In addition to the defects related emission bands 
of ZnS host, transition bands such as 1

7
0

5 FD →  (590 nm – 

592 nm), 2
7

0
5 FD →  (614 nm – 629 nm), 5

7
0

5 FD → (758 

nm) and 6
7

0
5 FD →  (882 nm) which are related to Eu3+ can 

also be observed under resonant excitation (Fig. 7(c) and (d)). 
No such transitions were observed for Eu3+: ZnS spherical 
nanoparticles under nonresonant excitation at 285 nm 
demonstrating that no energy transfer from the host ZnS to 
Eu3+ ions using this synthetic procedure, rather transition 
bands such 5

7
0

5 FD →  and 6
7

0
5 FD →  which are seldom 

observed were recorded for this sample. 

 
Figure 7.  Photoluminescence emission spectra of ZnO nanorods and Eu3+: ZnS spherical nanoparticles 
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4. Conclusions 
Spherical nanoparticles of Eu3+: ZnS semiconductor was 

synthesized from freshly prepared ZnO nanorod precursor 
using the precipitation technique. From the XRD patterns, 
the crystal structures were those of zinc blende and wurzite 
structures for ZnS and ZnO nanorods, respectively. The Eu3+: 
ZnS spherical nanoparticles shows considerable strain in 
their lattice caused by the introduction of Eu3+ ion into the 
ZnS matrix. The difference in ionic size of Eu3+ and Zn2+ 
ions could be the reason for the increased lattice distortion. 
Both defect related emissions as well as dopant (Eu3+) 
emission bands were observed in the Eu3+-doped ZnS 
spherical nanoparticles. However, there was no evidence of 
energy transfer from the host ZnS crystal to the Eu3+ ion. For 
the ZnO nanorod, the photoluminescence emission 
transitions recorded were solely due to Zn and O related 
defect sites. 
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