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ocrystals on the
photoluminescence of Eu3+-doped silicophosphate
sol gel glass

F. Ben Slimen,ac Z. Zaaboub,b M. Haouari,*a N. Bel Haj Mohamed,a H. Ben Ouada,a

S. Chaussedentc and N. Gaumerc

In this work, we investigate the effect of co-doping with CdS nanoparticles on the photoluminescence

properties of Eu3+ doped silicophosphate glass prepared via the sol gel method. Infrared spectroscopy

(FTIR) revealed the insertion of phosphorus within the silicate network. XRD and TEM analyses revealed

the presence of CdS nanoparticles dispersed in the glass matrix. Based on the optical study and the

effective mass theory for spherical quantum dots, it was found that CdS nanocrystals have a gap of

nearly 3.53 eV and a size of 2.42 nm. The enhancement of Eu3+ emission induced by CdS nanocrystals

and thermal annealing was assigned to either an energy transfer via defect states or structural alteration

of the glass network around the rare earth ions.
I. Introduction

Glasses synthesised by the sol gel method are currently of great
interest since this can lead to the fabrication of monoliths with
desired constituents and homogeneity at molecular level.1,2 As
compared to conventional melt processing, sol gel route using
liquid precursors provides a better opportunity to microstruc-
ture glass components with desired optical properties. In
addition to the lower processing temperatures, sol gel glasses
allow much higher doping levels and a much larger number of
material design possibilities than melt-glasses.

Moreover, owing to their exceptional spectroscopic proper-
ties, sol gel glasses doped with lanthanide salts are promising
material for many technological applications such as optoelec-
tronics, photonics, luminescent diodes, lasers, etc. Rare earth
ions are chosen because of their high quantum efficiencies and
their narrow emission bands, which result from transition
within the internal 4f electronic shell.

On the other hand, silicate glasses due to their strong Si–O–
Si covalent bonds are known to dissolve only small amounts of
rare earth elements (RE), whereas, phosphate glasses have the
advantageous to introduce a large number of RE without clus-
tering. However, these glasses suffer from a poor durability in
the presence of water and humidity. Therefore, the combination
of these two components may be of great importance to get
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more stable glass having the ability of dissolving more rare
earth ions. In this way, such combined glasses are expected to
have interesting physical and chemical properties suitable for
various scientic and technical applications.

Among RE ions, Eu3+ is extensively used as a probe to explore
the local environment of the rare earth element in the glass
matrix.3–5 It is also commonly used commercially in many elec-
troluminescent devices, optical ampliers, and lasers.6–8 However,
due to its narrow absorption bands, only limited amount of
radiation can be absorbed by direct pumping in the 4f levels of
Eu3+ ions.9 Since luminescence intensity is proportional to both
luminescence quantum yield and the amount of light absorbed,
weak light absorption will result in weak luminescence. A possible
way to improve the emission intensity consists to sensitize the
Eu3+ ions via energy transfer from species having an efficient
absorption in a wide spectral range of radiation. For this reason,
glasses doped with europium together with another rare earth or
transition metal element were extensively studied.9–12 Several
authors report that luminescence of Eu3+ ions can be highly
enhanced efficiently by codoping the glass matrix with II–VI
semiconductors nanoparticles (CdS, ZnS, CdSe, ZnO). Co-doping
with semiconductor nanoparticles have more advantages over
others species. Indeed, semiconductor quantum dots exhibit
unique properties drastically different from that of the corre-
sponding bulk due to the three dimensional quantum conne-
ment of the charge carriers. In particular, their absorption band is
large and intense as compared to rare earth ions and they have the
advantage to absorb and emit light at wavelengths controlled by
their size, which ensures the accordability in wavelength with the
pump sources of RE ions.13 Therefore, an appropriate choice of
semiconductor nanoparticles would enhance the emission of rare
earth ions via an efficient nonradiative energy transfer.
This journal is © The Royal Society of Chemistry 2017
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Among the different semiconductor, cadmium sulphide
(CdS) as an important wide-bandgap (2.42 eV) material, is
largely used in many application such as ultraviolet light-
emitting diodes and injection lasers, at-panel displays, elec-
troluminescent devices and infrared windows.14–16

In view of these excellent properties of CdS nanoparticles and
Eu3+ ions, we tried to link their spectroscopic properties into
a single sample. Therefore, we present in this paper a structural
and a spectroscopic study of a silicophosphate glass prepared by
the sol gel route and simultaneously doped with Eu3+ and CdS
nanocrystals. Phosphorus is employed as a dopant to enhance
the dissolution of rare-earth ions in silica glasses.17
II. Experimental
1. Samples preparation

The preparation of thiol-capped CdS nanoparticles is described
in ref. 18. Briey, the typical synthesis procedure is described as
follows. Firstly, 5.7 mmol of cadmium acetate dehydrate and
13.8 mmol of capping agents were dissolved in 200 mL of
deionized water to obtain a solution for which the PH was
adjusted from 10 to 11 by drop wise addition of 1 M solution of
KOH. The solution was placed in a three-necked ask tted with
a septum and valves and was de-aerated with N2 bubbling for
30 min. A second aqueous solution of thiourea (2.88 mmol in 50
mL) was also prepared and added drop wisely to the rst one
under vigorous stirring. The precursors were converted to CdS
nanoparticles by reuxing the reaction mixture at 100 �C for 2 h
under N2. This conversion is accompanied by a change of the
solution color to yellow.

Silicophosphate gels were prepared via hydrolysis and
condensation of tetraethoxysilane (TEOS) and triethylphos-
phate (TEP) in the presence of ethanol (C2H5–OH), distilled
water and hydrochloric acid (HCl) as catalyst. Convenient
amounts of europium and cadmium sulde (CdS) were intro-
duced in the initial stage of the process by dissolving hydrated
europium nitrate (Eu(NO3), 5H2O) and thiol encapsulated CdS
nanoparticles in the mixture of HCl and water. The molar
compositions of the different samples is given in Table 1. The
solution of all ingredients was stirred for two hours and trans-
ferred into plastic beakers for which covers were unscrewed to
allow vaporization of the residual solvents, and the samples
Table 1 Composition, annealing temperature and spectroscopic
parameters (R and s) for the different glass samples

Molar
composition
SiO2/P2O5/CdS/
Eu

Annealing
temperature
T (�C)

Intensity
ratio
(R)

Average
lifetime
s (ms)

1/0.1/0.01/0.02 250 3.0 0.40
1/0.1/0.02/0.02 250 2.4 0.32
1/0.1/0.03/0.02 250 2.5 0.40
1/0.1/0.02/0.001 150 2.8 0.20
1/0.1/0.02/0.001 250 3.3 0.22
1/0.1/0.02/0.001 350 3.3 0.21

This journal is © The Royal Society of Chemistry 2017
were dried for ve weeks at room temperature. Gelation and
aging of the samples took place within this period. Next, the
samples were transferred into an electric oven and sintered in
air using a heating rate of 0.1 �C min�1 up to desired nal
temperature. As prepared, the gels were colorless. When
annealed, the samples took an orange coloration characteristic
of CdS nanocrystals.
2. Characterization techniques

Fourier transformed infrared (FTIR) analysis was carried out in
the range 400–4000 cm�1 using a Perkin Elmer DSC-7 spectro-
photometer. Absorption spectra were recorded by employing
Shimadzu UV-3101PC scanning spectrophotometer. X-ray
diffraction (XRD) pattern was recorded by means of an X-ray
diffractometer (PANALYTICAL) using Cu Ka radiation of wave-
length l ¼ 0.15406 nm in the scan range 2q ¼ 10–90�. To get
information about the size distribution and morphology of the
nanoparticles dispersed in the glass samples, TEM image was
taken using FEI Tecnai G2 electron microscope operating at 200
kV. Therefore, the glass was grinded in a ne powder and
dispersed sonically in ethanol before deposition on carbon
coated copper grid.

Two excitation sources were used for photoluminescence (PL)
and lifetime measurements in order to investigate the emission
dynamics of either CdS nanoparticles or europium ions. There-
fore, the third-harmonic (355 nm) of a pulsed Nd:YAG laser (3 ns
pulse duration at 10 Hz repetition rate) was used as excitation
source for PL and lifetime measurements of europium. The
emission of CdS was explored under excitation at 375 nm using
a pulsed diode laser with duration pulses 70 ps and repetition
rate of 80 MHz operating at 375 nm.
III. Results and discussion
1. FTIR analysis

FTIR spectroscopy is known to be a non-destructive powerful
tool, which provides information about the chemical structure
of different classes of material. Therefore, we have recorded the
FTIR spectra for the differently heat-treated samples (Fig. 1).

Before trying to assign the different bands seen in the FTIR
spectra, it is noteworthy to signal the discrepancy observed in
the available literature, which may be due to the interference
between the bands associated to the different species existing in
the glass structure. Therefore, one must be cautious especially
when bands may belong either to silicate or phosphate groups.
We can however assign without ambiguity the band at about
470 cm�1 to the out-of-plane rocking vibration of the bridging
oxygen (BO) where the oxygen atom moves perpendicular to the
Si–O–Si plane.19 The presence of this band evidences the
formation of three dimensional silicate network in the glass.
Similarly, the band around 760 cm�1 is due to the symmetric
stretching motion of oxygen atoms parallel to Si–O–Si bonds.
This band can be also assigned to symmetrical stretching
vibrations of Si–O–P and P–O–P bridges, which are very weak
since their formation is statistically less likely than Si–O–Si
because of the low P2O5 concentration in this glass. The
RSC Adv., 2017, 7, 14552–14561 | 14553
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Fig. 1 (a) FTIR spectra of glasses containing different amount of CdS
nanoparticles and annealed at 250 �C. (b) FTIR spectra of glasses
having the same starting composition and annealed at different
temperatures.
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presence of phosphate in the glass structure is also evidenced
by the band located at 546 cm�1 characteristic for the bending
O–P–O vibrations of crystalline phosphate.20,21 The overlapping
of these bands provide evidences for the formation of the glass
skeleton by the condensation reaction and indicates that these
glasses are formed as homogeneous and chemical, rather than
mechanical. The shoulder at about 1200 cm�1 is attributed to
the transverse optical mode of the asymmetric stretching of Si–
O–Si bonds of SiO2.22 The band at 1600 cm�1 is attributed to the
bending vibration of adsorbed water H2O, whereas the broad
band in the range 3400–3700 cm�1 is due to an overlap of OH
stretching vibrations of both molecular water (3440 cm�1) and
hydrogen bonded Si–OH or P–OH groups (3650 cm�1).23,24

However, these bands are relatively weak, which means that
water has no substantial effect on the structure and the optical
properties of the glass. The spectra show also a peak in the
range 2340–2360 cm�1, which conrms the presence of –SH
groups. These groups can bind with cadmium and forms CdS
nanoparticles. Moreover, the inclusion of CdS nanoparticles was
conrmed by the presence of the characteristic Cd–S stretching
14554 | RSC Adv., 2017, 7, 14552–14561
vibrational peak at 670 cm�1.25,26 With increasing the concentra-
tion of CdS nanoparticles, the bands related to the glass structure
become more and more intense before decreasing when the
doping level exceeds 0.2%. This may be indicative of the lowering
of network dimensionality by breaking of Si–O–Si bridges within
the structure of glass. Indeed, it is known that CdS nanoparticles
enter the glass as a network modier increasing thus the
concentration of non-bridging oxygen and weakening the Si–O–Si
bonds.27 We can also note an increase of the bands involving OH
groups indicating that CdS nanoparticles, which grow inside
pores, entrap water and inhibit its evaporation.

The bands in the FTIR spectrum remain at the same posi-
tions but their intensities increases until annealing tempera-
ture reaches 250 �C. Aer that, the intensities decrease again.
The remarkably increase is due to the condensation of silanol
(Si–OH) and phosphanol (P–OH) groups to form Si–O–Si and P–
O–P. At annealing temperature equal to 350 �C, all the observed
bands decreased. Particularly, the decrease of the band at 546
cm�1 associated to the O–P–O bridges is more pronounced
indicating the insertion of the small amount of phosphorus into
the three dimensions silicate structure and the formation of
a mixed silicate–phosphate network.
2. XRD and TEM characterisation

As indicated in Fig. 2, the XRD diffraction patterns of CdS
samples displayed a broad peak characteristic of the amor-
phous nature of the glass matrix together with four diffraction
peaks at 2q ¼ 38.44�, 44.66�, 64.70� and 78.00�. By using XRD
database (JCPDS 80-0019), these peaks were assigned to (102),
(110), (203), and (105) planes of CdS nanoparticles with hexag-
onal crystal structure. The nonappearance of the (100), (002),
(101) planes in the diffraction patterns of the different samples
may be due to their overlap with the amorphous hump. Addi-
tionally, the change of the relative intensities of the diffraction
peaks as shown in Fig. 2 means that the direction of growth and
the morphology of the nanoparticles of the formed CdS nano-
particles depend on the initial composition and the annealing
temperature. We note however, that the narrower peaks reveal
good crystallization of the nanoparticles was obtained for an
annealing temperature of 250 �C and amolar CdS concentration
of 0.02. This may be due to the initial porosity of the glass,
which controls the growth of the nanoparticles and commands
their size. Additionally, when annealing temperature exceeds
250 �C, it may happen an oxidation or the melt of CdS nano-
particles, which becomes more amorphous. Beyond melting
point, CdS nanoparticles rearrange and nally provide less
ordered structure or decompose. Indeed, depending on their
size, CdS nanoparticles have a melting point much lower than
the corresponding bulk material. The average CdS crystallite
size was estimated by using the Scherrer's equation:28

d ¼ 0:9xl

b cos q

where l ¼ 1.54060 Å (CuKa) and b is the full width at half
maximum intensity of the peak (in Rad). For the same CdS
molar concentration, increasing annealing temperature from
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) XRD patterns of sol–gel glass samples doped with different
CdS concentrations and annealed at the same temperature (250 �C). (b)
XRD patterns of sol–gel glass samples having the same CdS concen-
tration and annealed at different temperatures (150 �C and 350 �C).

Fig. 3 TEM image of a glass sample annealed at 250 �C showing small
nanoparticles together with large domains of CdS crystalline phase.
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150 �C to 350 �C, results in a decrease of the average crystallite
diameter from 24 to 21 nm. At a constant annealing tempera-
ture, the crystallite size passes from 10 to 23 nm before
decreasing to 20 nm for the highest CdS concentration.

TEM image presented in Fig. 3 indicates the presence of
small spherical nanoparticles having a diameter ranging from 2
to 5 nm together with large domain with a diameter of nearly
24 nm dispersed in the homogeneous amorphous matrix. This
later value is comparable to the crystallite size deduced from
XRD study, which means that diffractions peaks originate
majorly from particles having the greatest size. Indeed, it was
reported that for high CdS concentration, micro-pores collapse
resulting in CdS domains growth whereas meso-pores reduce
their size to give much narrower distribution.29
3. Optical absorption

According to Brus,30 the particle size of a spherical semi-
conductor quantum dot is related to the optical bandgap throw
the following relation:
This journal is © The Royal Society of Chemistry 2017
EgðRÞ ¼ EgðNÞ þ ħ2p2

2R2

�
1

me

þ 1

mh

�

� 1:786e2

3R
� 0:124e4

ħ232

�
1

me

þ 1

mh

�
(1)

here, ħ is Planck constant,me¼ 0.19m0 andmh¼ 0.78m0 are the
effective masses of the electron and the hole respectively, R is
the diameter of the nanocrystal, e is the electron charge and 3 ¼
8.9, is the relative dielectric constant of CdS. The rst term in
the above equation is the band gap energy of the bulk CdS (Eg ¼
2.42 eV). The second term is the kinetic energy of both the
electron and the hole, which shis the Eg to higher energies
proportionally to R�2. The third term is their Coulomb attrac-
tion, which shis the Eg to lower energy as R�1. These two terms
have opposite signs for each value of R. However, in the strong
connement regime, for small particle size, the rst one
dominate and the second one can be ignored.31 Moreover, the
size independent last term in Brus equation corresponds to the
correlation between the two carriers, which is usually small and
can be neglected as well.32

The band gap energy of the semiconductor nanoparticles can
be estimated from the rst minimum of the second derivative of
the optical absorption spectrum (Fig. 4), which locate the center
of the absorption peak corresponding to the lowest energy
transition between the ground hole (1Sh) and electron (1Se)
levels of quantum dots.33 The optical gap obtained for the
different sample was nearly equal to 3.53 eV regardless the heat-
treatment condition or CdS concentration. As compared to bulk
CdS, this value is largely greater indicating a strong conne-
ment of the charge carriers inside the nanocrystals. Using the
estimated value of Eg(R), the particles diameter was estimated to
be equal to 2.42 nm for the different samples. Two arguments
RSC Adv., 2017, 7, 14552–14561 | 14555
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Fig. 4 (a) Absorption spectra of glasses containing different amount of
CdS nanoparticles and annealed at 250 �C. (b) Optical spectra of
glasses having the same starting composition and annealed at different
temperatures.
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can be advanced to explain this behavior. Firstly, the precur-
sors for CdS precipitation in the starting composition may be
too small to give large nanocrystals. Secondly, the growth of
these nanocrystals takes place within the pores, where they are
protected against further growth even for higher treatment-
temperatures or great amount of semiconductor reagent in
the starting composition.34 In the other hand, the micro-
structure of the nal gel depends on various parameters such
as the PH and the chemical composition. Since the different
samples was prepared in the same conditions, they will exhibit
pores with the same size.35,36 It can be noted however, that the
size estimated from optical absorption measurements is much
smaller compared to that observed from TEM and XRD
studies. This discrepancy may be due to a major contribution
to the optical absorption of the smallest nanoparticles, which
have the large volume fraction as revealed by TEM image.
Additionally, small particles do not diffract well owing to their
limited size and the XRD patterns is due to larger CdS parti-
cles, which have much more reection planes.
14556 | RSC Adv., 2017, 7, 14552–14561
4. Photoluminescence

4.1. Effect of CdS concentration. In order to study the
energetic interaction between CdS nanocrystals and Eu3+ within
the SiO2–P2O5 sol gel glass heated at 250 �C and co-doped with
different CdS concentrations, the emission spectra of the
different samples were recorded upon excitation at either
355 nm or 375 nm, which corresponds to the semiconductor
absorption detected in the UV-visible spectra (Fig. 4). At these
wavelengths, Eu3+ ions have negligible absorption.37

Under an excitation at 375 nm, the PL spectra of the sample
doped only with CdS exhibits a narrow emission band in the UV
region centered at 406 nm, which is Stokes-shied from
absorption onset of CdS nanocrystals together with a weak and
large band peaking at 647 nm. These two emissions are ascribed
respectively to shallow traps (ST) and deep traps (DT) states in
the bandgap of CdS nanocrystals. However, for samples con-
taining both CdS and Eu3+ ions, the spectra show the tail of
a narrow peak attributed to shallow traps together with a large
band extending in the range of 450 to 600 nm and a weak
structure in the low energy side (Fig. 5). Indeed, it is well
established that for nanosized CdS particles, the emission
involves surface states due to the presence of native defects,
such as cadmium interstitials and vacancies as well as sulfur
interstitials and vacancies.38 The ratio between DT and ST
emission varies depending on the amount of defects inside CdS
nanoparticles or on their surface. Therefore, we can conclude by
comparing the spectra of Fig. 5, that Eu3+, codoping generates
novel trap states within the gap of CdS nanoparticles, which
results in the intense emission in the range between 450 and
600 nm. Indeed, Eu3+ ions may be inserted inside or at the
surface of CdS nanoparticles by substituting cadmium cation.
Additionally, the small blue shi in the ST emission indicates
that Eu3+ codoping affect slightly the processes of nucleation
and growth of CdS nanocrystals within the silica matrix.

The DT band overlap with most of the excitation lines of
Eu3+, whichmay be favorable for an efficient CdS/ Eu3+ energy
transfer. Co-doping with Eu3+ ions partially quenches this broad
emission band and additionally produces the structure in the
low energy side, which is assigned to transitions inside the 4f
shell of europium ions.

When the excitation wavelength is turned to 355 nm, each of
the PL spectra displays only ve emission peaks at about 579,
592, 611, 651, and 700 nm, which are associated to the transitions
from 5D0 to

7FJ (J ¼ 0, 1, 2, 3, 4), respectively (Fig. 6). Since the
lifetime of CdS uorescence is so much shorter than that of
Europium emission, CdS emission is not seen in all the PL
spectra of the co-doped samples. As compared to the reference
sample doped only with Eu3+ ions, we can see a drastic
improvement of the Eu3+ emission with the introduction of CdS
nanoparticles in the glass matrix. The enhancement of the
emission intensity of europium ions may be accomplished via
profound modication of the glass network around rare earth
ions and/or efficient energy transfer from CdS to Eu3+ ions.39

Indeed, semiconductor nanoparticles, which act as network
modier, may provoke a deep structural modication of the
coordination sphere of the rare earth element. It also contributes
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Emission spectrum of CdS doped glass obtained under an
excitation at 375 nm. (b) Emission spectrum of CdS/Eu3+ doped glass
obtained under an excitation at 375 nm.

Fig. 6 (a) PL spectra recorded under an excitation at 355 nm for
glasses containing different amounts of CdS nanoparticles and
annealed at 250 �C. (b) PL spectra recorded under an excitation at
355 nm for glasses having the same starting composition and annealed
at different temperatures.
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to distort the local symmetry around the rare earth ions and
therefore promotes an enhancement of the transition rates. In
fact, the 5D0/

7F1 orange emission around 592 nm is allowed by
magnetic dipole (MD) interaction, whereas the band at 611 nm
relative to 5D0 /

7F2 transition is electric dipole (ED) in nature.
Therefore, 5D0 / 7F1 transition is relatively insensitive to the
local symmetry, while 5D0 / 7F2 transition is particularly
dependent on the local site symmetry around the rare earth ion
and the nature of the bonding with its neighbours. When the
Eu3+ ions are situated at low-symmetry sites, the forced dipole
transition has a larger probability than that of the magnetic
transition. Accordingly, the intensity ratio R of ED transition with
respect to MD transition gives a measure of the distortion from
the inversion symmetry at the Eu3+ site. A greater ratio corre-
sponds to a more distorted or asymmetric local environment.
Moreover, R is also related to the covalency of Eu–O chemical
bonding. Therefore, this ratio is dependent on the glass host
composition, activator concentration and heat-treatment, and it
is widely used to investigate the local environment of the rare
element. In the case of the present study, the relative intensity of
This journal is © The Royal Society of Chemistry 2017
the 5D0 / 7F2 and 5D0 / 7F1 transitions was obtained by
measuring the area under the corresponding emission bands. The
obtained values for the different concentration are between 2.4
and 3.1, which are characteristic for Eu3+ ions in highly asym-
metric sites. However, these values are lower than those estimated
for sol–gel silica glasses.40 Similar to the effect of aluminium,41 the
addition of phosphorous in a convenient concentration, makes
the glass structure less rigid, the local structure less distorted, and
Eu3+ ions tend to occupy more symmetric sites with a more
homogeneous distribution. Since no quenching of the emission
was observed for the used CdS concentrations, we believe that
silicophosphate glass is more suitable to disperse great amount of
either CdS or Eu3+ ions than only one-component silica glasses.39

This may be due to the role of phosphorus, which is known to
preclude rare earth clustering. Moreover, CdS nanoparticles act as
network modier producing non-bridging CdS–O groups, which
can coordinate with europium ions. As a result, the Eu–Eu inter-
action is diminished and the europium emission is increased. The
RSC Adv., 2017, 7, 14552–14561 | 14557
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presence of CdS nanocrystallites may be also responsible for an
increase of both the covalency and the polarization of the local
vicinities of the Eu3+ ions, which can be affected by reaction with
sulfur.42 The increase of the asymmetry factor R for the higher
concentration of CdS is an indication for an important distortion
in the glass network due to the lling of more pores by semi-
conductor nanoparticles.

In the other hand, the increase of the Eu3+ emission intensity
may be due to an energy transfer (ET) between the CdS nano-
particles and Eu3+ ions. So that, this process occurs only when
the distance between CdS nanoparticles and Eu3+ ions becomes
sufficiently short. However, owing to the fast radiative and non-
radiative decay of excitons in CdS, direct energy transfer from
semiconductor nanoparticles to Eu3+ ions is physically impos-
sible. Indeed, for achieving efficient energy transfer, the emis-
sion spectrum of the nanoparticles has to spectrally overlap an
absorption band of the rare-earth ions. This is not the case for
the exciton energy level of CdS nanoparticles. However, efficient
energy transfer to Eu3+ ion may be achieved when defect states
at the semiconductor nanocrystals surface are abundant. As it is
well known, these defects give rise to trap levels within the gap
of the semiconductor nanoparticles, and their corresponding
emission overlap well with the absorption bands of Eu3+. When
excitation light is absorbed mostly by CdS nanocrystals, it
generates electron–hole pairs. Photo-generated electrons will be
rst trapped at these levels before interacting with the Eu3+ ions
located close to the surface of CdS. Then, the electron trapped at
the surface recombines with a valence band free hole or trapped
hole at the nanocrystal surface before transition energy being
non-radiatively transferred to the Eu3+ ions. The involved
processes in this energy transfer are schematically represented
in Fig. 7. Increasing CdS concentration will reduce the distance
between semiconductor quantum dots and rare earth ions
enhancing thus the energy transfer rate between CdS and Eu3+.
However, when these species are spatially close, a diminution of
the total emission and lifetime values is usually observed, which
is assigned to back energy transfer (BET) from the Eu3+ ions to
CdS nanoparticles.39 Further, the fact that the europium emis-
sion did not appear clearly in the PL spectra recorded under an
excitation wavelength of 375 nm as they were obtained under
355 nm excitation, may be connected to the effect of energy
Fig. 7 Energy levels diagram showing the different process involved in
the emission of CdS/Eu3+ doped glasses.

14558 | RSC Adv., 2017, 7, 14552–14561
transfer in the emission process of Eu3+ ions. Indeed, when
using 355 nm wavelength, which is condently matched with
the bandgap energy of the nanoparticles, the number of excited
CdS nanoparticles, which contribute to energy transfer to Eu3+

is greater than that reached when 375 nm is used. Therefore, the
emission of Eu3+ ions will be so weak in the latter case. Similar
behavior was observed in SiO2 gel doped with Eu3+ and ZnO
nanocrystals.43 Additionally, the fact that no luminescence from
CdS nanocrystals was observed under 355 nm excitation wave-
length indicates that energy transfer from a nanocrystal to Eu3+

is so fast. Indeed, when CdS are coupled to Eu3+, any generated
exciton will immediately recombine non-radiatively by exciting
Eu3+ ions.44

4.2. Effect of annealing temperature. To investigate the
effect of annealing temperature on the luminescence properties
of our material, we have reproduced the PL spectra for differently
heat-treated samples having the same starting composition.
Fig. 6b shows that the emission of Eu3+ ions is improved when
temperature increases from 150 to 250 �C. Over this temperature,
a signicant decrease of the emission of Eu3+ ions is observed.
This is the reason why the annealing temperature for samples
doped with different CdS concentrations was chosen to be
250 �C. In fact, several structural modications of the glass
network, which have a great inuence on the Eu3+ emission, may
occur during heat-treatment. In particular, annealingmay reduce
considerably the density of hydroxyl groups, which are known to
be luminescence quenchers. This leads to an efficient enhance-
ment of emission. Additionally, various defect centers are formed
by the hydrolysis and condensation reactions of the initial
precursors. Since energy transfer takes place via surface defects at
CdS nanocrystals surface, this will enhance the emission of
trivalent rare earth ions. However, for sufficiently high tempera-
ture, defect concentrations may decrease in the network of the
xerogel matrix, which inhibits the energy transfer between the
defects and RE ions.39 Moreover, heat treatment leads to an
increase in the homogeneities of the local environment, owing to
the cross-linking between silica chains and consequent
shrinkage. Due to change in the geometry of silica, annealing at
higher temperature produces an increase in the concentration of
both Eu and CdS, which could results in the aggregation of Eu–
Eu and emission quenching due to energy migration amongst
Eu3+ ions. Additionally, BET from Eu3+ to CdS nanoparticles is
also possible.

To clarify the effect of annealing on the local environment
around Eu3+ ions, we have estimated again the ratio R for different
annealing temperatures. As shown in Table 1, this ratio increases
as long as the annealing temperature does not exceed 250 �C.
Above this temperature, R remains almost constant, which could
be due to a rearrangement of the network and an increase of the
symmetry around rare earth ions.45

4.3. Photoluminescence dynamics. Time-resolved lumi-
nescence spectroscopy is widely used to get information on the
structure and to understand the decay dynamics of excited
states in emitting centers in the glass matrix. Therefore, we have
performed the emission decay curves for the two existing
species in this sol–gel derivate silicophosphate glass.
This journal is © The Royal Society of Chemistry 2017
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(a) The decay of CdS emission. As an example, Fig. 8 shows
the decay curves measured at two different emission wave-
lengths of CdS nanoparticles under an excitation wavelength of
375 nm. All the obtained curves are nearly exponential.
However, the time constant for the emission at 396 nm is equal
to 0.98 ns for the sample doped with CdS only and it is nearly
constant for the two lower CdS concentrations and equal to 0.88
ns. As it is expected, this time constant is shorter than that
estimated for the defect emission at 550 nm which is almost
constant (�2.25 ns) indicating that these defects are of the same
origin.

As it was mentioned above, energy transfer takes place only
when a signicant overlap exists between the emission spectra
of a sensitizer or energy donor (here CdS) and the absorption
spectra of an energy acceptor (here Eu3+). Additionally, the
efficiency of this transfer depends strongly on the distance r
between the two species, and is given by:46

hT ¼ 1

1þ
�
r

r0

�6
(2)

where r0 is the Förster distance at which energy transfer rate
matches that of spontaneous radiative transition of the sensi-
tizer. Therefore, energy transfer will be efficient only when the
two species, CdS nanoparticles and Eu3+ ions become sufficiently
close. This happens when using high concentrations or anneal-
ing the samples at relatively high temperatures at which the glass
becomes more compact and the active species more nearby.

According to Forster model, the energy transfer efficiency of
a donor–acceptor pair can be measured experimentally using
either uorescence intensities or lifetimes of the donor in the
presence and in the absence of acceptors according to the
following equations:47,48

hT ¼ 1� I

I0
(3a)
Fig. 8 PL decay curves recorded at two wavelengths under an exci-
tation at 375 nm.

This journal is © The Royal Society of Chemistry 2017
hT ¼ 1� s
s0

(3b)

where I and I0 and s and s0 are the integrated uorescence
intensities and the lifetimes of CdS in presence and the absence
of Eu3+, respectively. Since the lifetime s0 is independent of
donor concentration, the second method is less prone to errors
introduced due to differences between reference and sample.
Therefore, we have used the estimated lifetimes of CdS nano-
particles in the absence and the presence of Eu3+ ions. The
obtained value is found to be equal to 10% which indicates that
direct energy transfer from CdS nanoparticles to Eu3+ ions is
little effective due to the fast relaxation of electrons from the
conduction band to defect states in the band gap and to the
weak overlap between CdS emission and Eu3+ absorption. On
the other hand, the increase of the lifetime of the band edge
emission with increasing CdS concentration (2.44 ns) may be
due to BET from Eu3+ to CdS, which result in a decrease of
emission lifetime of Eu3+ ions as will be discussed in the
following section.

These results indicates that it is not necessary to incorporate
a great amount of semiconductor nanoparticles to enhance the
emission of Eu3+. Instead of that, one must optimize the
quantity of CdS to be incorporated in the glass in order to
simultaneously improve the emission of Eu3+ and avoid back
energy transfer.

(b) The decay of Eu3+ emission. To get more insight on the
emission process of Eu3+ ions in presence of CdS nanoparticles,
the decay curves were measured in the timescale of millisecond
rather than nanoseconds at the wavelength 611 nm (Fig. 9).
Although the PL decay is not exponential, we have used the
following formula to estimate the average PL lifetimes for all the
samples:

s ¼ 1

I0

ðt1
0

IðtÞdt (4)

here, I0 and I(t) are the PL intensities at t¼ 0 and t > 0 respectively,
and t1 is the time where the luminescence intensity reaches the
background. As can be seen from Fig. 9 and Table 1, the Eu3+

emission decays slowly for the low concentration of CdS while it
decreases faster for the higher concentrations. Additionally, the
decay becomes faster as far as the heat-treatment temperature
increases, which is in contrast to the usual results obtained in
silica compounds doped with Eu3+ only.49 To explain these results,
different factors must be invoked. Firstly, the addition of CdS
nanoparticles with small amount may be benet in a manner that
it contributes to the change of the local environment of Eu3+ ions
favoring thus the ED emission. Additionally, the presence of CdS
nanoparticles reduces some nonradiative paths for Eu3+ relaxa-
tion, and enhances radiative transitions through avoiding euro-
pium aggregation and improving CdS–Eu energy transfer. This
results in an increase of the decay time.

However, when the concentration of CdS nanoparticles
exceeds a threshold, their presence becomes nocuous for the
emission of Eu3+ ions since they will be very close favoring
BET. Moreover, when CdS are present in a great fraction, they
may prevent efficient elimination of adsorbed water in the gel
RSC Adv., 2017, 7, 14552–14561 | 14559
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Fig. 9 (a) PL decay curves for glasses containing different amounts of
CdS nanoparticles and annealed at 250 �C recorded at 611 nm under
an excitation at 355 nm. (b) PL decay for glasses having the same
starting composition and annealed at different temperatures recorded
at 611 nm under an excitation at 355 nm.
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pores. These two effects are mainly the origin of the lifetime
reduction for higher CdS content. On the other hand, through
annealing treatment, the glass structure becomes more
compact reducing thus distances between emitting spices
and favoring the non-desired europium aggregation and BET
that act as quenchers for the luminescence of Eu3+. This may
explain the decrease of the lifetime of the 5D0 level with the
annealing temperature. Additionally, the decay curves are
also non exponential, and they may be tted by two expo-
nential functions which are associated to two sets of euro-
pium sites usually observed in glasses with more than one
constituent.50 In the case of the present study, europium ions
may be located in either a silica rich or a phosphorus rich
phase.51

It is noteworthy to say that no correlation between the
emission enhancement and the lifetime evolution of 2D1 level of
Eu3+ ions was observed. This indicates the complexity of the
emission processes involved in the emission of these ions.
14560 | RSC Adv., 2017, 7, 14552–14561
Indeed, although energy transfer from CdS increases the pop-
ulation of the emitting levels of Eu3+, it does not inuence their
emission probability to the ground level.52
IV. Conclusion

We have investigated the effect of CdS nanocrystals on the
emission of Eu3+ ions embedded in a silicophosphate glass
prepared by the sol gel method. From this study, it was shown
that Eu3+ emission is signicantly dependent on concentration
of CdS nanoparticles and annealing temperature. Additionally,
it was evidenced via photoluminescence measurement that
a fast CdS / Eu3+ energy transfer and/or structural distortions
around the rare earth ions induce the enhancement of the
emission of Eu3+ ions. Further, it was revealed the presence of
back energy transfer, which takes place when the concentration
of CdS nanoparticles or the heat-treatment temperature exceeds
a threshold. Thus, to get the desired emission improvement, it
is necessary to optimize either the CdS amount or the annealing
temperature.
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