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The sol–gel method is used for the preparation of undoped, Mn and V-doped Zn2SiO4 particles embedded
in SiO2 host matrix. The phase purity and morphological features were characterized by X-ray diffraction
(XRD) and transmission electron microscopy (TEM) investigations. The obtained SiO2/Zn2SiO4 nanocom-
posite, exhibits a strong photoluminescence (PL) band centered at around 760 nm, attributed to energy
transfer occurs from Zn2SiO4 particles to NBOHs interfaces defects. In addition, the PL spectrum for the
SiO2/Zn2SiO4:Mn nanocomposite showed that a dominant peak at 525 nm appeared, which originated
from the 4T1–6A1 transitions of Mn2+ ions. In the case of SiO2/Zn2SiO4:V, the PL reveals a band centered
at about 540 nm attributed to the effect of the V5+ in the host matrix nanocomposite.

Published by Elsevier B.V.
1. Introduction

In recent years, a great deal of interest has been focused on the
fabrication and characterization of zinc orthosilicate (a-Zn2SiO4,
willemite). Potential fields of application are, for example, optics
and optoelectronics, pharmaceutics or biological and medical diag-
nostics [1–3]. Just like transition metal (TM) doped zinc orthosili-
cate are highly photostable, exhibit long luminescence lifetimes
and narrow emission bands. However, the emission color is depen-
dent on the particle size [4]. It can be adjusted by the choice of the
host material and dopants and their combination. The lumines-
cence intensity is dependent on the concentration of doping ions,
the crystal structure of the host material, and the degree of crystal-
linity [5]. The high chemical stability and bright luminescent
performance of these nanomaterials make them potentially
suitable for biological labeling [3].

Traditionally, this phosphor is prepared by the solid-state reac-
tion method, which involves a pulverizing process and subsequent
high-temperature firing. The resulting Zn2SiO4:Mn powder phos-
phors are utilized as paints. However, it is difficult to obtain reli-
able intensity using such methods, probably because of
inhomogeneous distribution of activator ions, phase separation
and contamination of impurities. Therefore, recent investigations
have addressed development of some alternative synthetic proce-
dures for this phosphor, such as hydrothermal method [6] polymer
pyrolysis [7] and sol–gel method [8,9]. Among them the sol–gel
method has been confirmed to have more advantages in lowering
the firing temperature, distributing the activator ions homoge-
neously and improving the emission efficiency for the powder
phosphors [10,11]. Additionally, the sol–gel technology is suitable
for deposition of thin amorphous and crystalline films, which have
found extensive applications in many fields [12].

At present, Taghavinia et al. [13] used porous silicon as one of
the starting materials and impregnated porous silicon layers with
luminescent Zn2SiO4:Mn2+ particles. Porous silicon was directly
involved in the reaction responsible for the formation of luminescent
Zn2SiO4 phosphors. The phosphor particles were obtained inside a
transparent porous body, making it possible to activate porous sil-
icon layers with highly efficient phosphors [13]. Kang and Park
used the colloidal solution method to fabricate spherical Zn2SiO4

phosphors with an optimal emission intensity that was 112% that
of commercially available materials [14]. Although these chemical
methods can be applied to produce fine particles with good
luminescence, they have the shortcomings related to complex
processing, difficulties in achieving controllability and mass pro-
duction, and high cost [15–17].

In this study, the method is applied to prepare Zn2SiO4 (SZ),
Zn2SiO4:Mn (SZM) and Zn2SiO4:V (SZV) particles embedded in
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Fig. 1. X-ray diffraction pattern of the (a) Zn2SiO4, (b) Zn2SiO4:Mn and (c) Zn2SiO4:V
nanocomposite.
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silica monolith by the same protocol of sol–gel method combined
with a furnace firing [4,18,19] but using for the first time, manga-
nese and vanadium doped zinc oxide nanoparticles and studied the
structural and optical properties of the obtained nanocomposites.

2. Experimental

2.1. Preparation

The preparation of colloid suspension particles in silicate host
matrix has been done in three steps. In the first one, nanocrystal-
line ZnO, ZnO:Mn and ZnO:V aerogels were prepared by a sol–gel
method under supercritical conditions of ethyl alcohol (EtOH)
based on El Ghoul et al. protocol [4,8,9,20], where the water for
hydrolysis was slowly released by esterification reaction to control
the size of the formed nanoparticles. In the second step, we have
prepared ZnO, ZnO:Mn and ZnO:V confined in silica aerogel
according to the following process: 0.5 ml of TEOS was first dis-
solved in EtOH. Then, with constant stirring of the mixture of TEOS
and EtOH, 0.44 ml of water and 30 mg of nanoparticles powder
prepared in the first step were added. The whole solution was stir-
red for about 30 min, resulting in the formation of a uniform sol.
The sols were transferred to tubes in ultrasonic bath where
100 ml of fluoride acid was added. The wet gel formed in few
seconds. Monolithic and white aerogel was obtained by supercritical
drying in EtOH as described in the first step. Finally, silica glasses
containing SZ, SZM and SZV particles were obtained after firing
aerogel at 1200 �C for 2 h.

2.2. Characterizations

The crystalline phases of annealed samples were identified by
X-ray diffraction (XRD) using a Bruker D5005 powder X-ray
diffractometer using a Cu Ka source (1.5418 Å radiation). Crystallite
sizes were estimated from the Scherrer’s equation [21].

G ¼ 0:9k
B cos hB

ð1Þ

where k is the X-ray wavelength (k = 1.5418 Å), hB is the maximum
of the Bragg diffraction peak (rad.) and B is the line width at half
maximum.

Transmission electron microscopy (TEM, JEM-200CX) was used
to study the morphology and particle size of the phosphor
powders. The specimens for TEM were prepared by putting the
as-grown products in EtOH and immersing them in an ultrasonic
bath for 15 min, then dropping a few drops of the resulting suspen-
sion containing the synthesized materials onto TEM grid. For pho-
toluminescence (PL) measurements, the 450 W Xenon lamp was
used as an excitation source. The emitted light from the sample
collected by an optical fiber on the same side as that of excitation
was analyzed with a Jobin–Yvon Spectrometer HR460 and a multi-
channel CCD detector (2000 pixels). The photoluminescence
excitation (PLE) measurements were performed on a Jobin–Yvon
Fluorolog 3–2 spectrometer. The decays were analyzed by a PM
Hamamatsu R928 and a scope Nicolet 400 with a time constant
on the order of 1 ns. The low temperature experiments were
carried out in a Janis VPF-600 Dewar with variable temperature
controlled between 78 and 300 K.

3. Results and discussion

3.1. Structural studies

Fig. 1 shows X-ray diffraction spectra obtained from the SZ (a),
SZM (b) and SZV (c) nanocomposites treated at 1200 �C for 2 h in
Please cite this article in press as: J. El Ghoul et al., Opt. Mater. (2014), http://
air. These spectra show the X-ray diffraction pattern corresponding
to a well-developed willemite structure (a-Zn2SiO4, JCPDS No. 37-
1485) [8,22]. The lattice constants calculated from the XRD pattern
for the three samples are about a = 13.939 Å and c = 9.301 Å, which
are very close to willemite a-Zn2SiO4 [4,18,23]. The peak signa-
tures of hexagonal wurtzite ZnO were also observed. Therefore,
the hexagonal ZnO and willemite Zn2SiO4 may coexist in the com-
posite. However, at high temperature, the surface mobility of Zn
and Si species is high enough, so they move and diffuse inside
the porous body and contribute to the formation of zinc silica
phase. The sharpness of the diffraction peaks indicates that the size
of the crystalline particles is about 80 nm [8,18]. This result indi-
cates that a-Zn2SiO4 has a rhombohedral structure [4]. It is clear
that the crystalline phase is the most dominant one corresponding
to the a-phase Zn2SiO4, in parallel we note the appearance of three
other phases that correspond to ZnO, cristobalite and quartz [4].
Therefore, the hexagonal zinc oxide and willemite Zn2SiO4 coexist
in the composite, this means that the solid reaction at higher tem-
perature is not complete and the obtained composite is formed by
very small ZnO nanoparticles covered by willemite Zn2SiO4 as a
shell supported by SiO2 as a host matrix. Average grain size (G)
of the crystallites Zn2SiO4 varies from 50 nm to 80 nm, has been
estimated using Scherrer’s formula (1). However, Jiang et al. [22]
predicted that the particle average size for the Zn2SiO4 nanopow-
der was 100 nm.

The TEM micrographs, HRTEM image and EDX analyzes of the
SiO2/Zn2SiO4 nanocomposites treated at 1200 �C for 2 h in air are
shown in Fig. 2. The morphology of the sample is found to be
nearly spherical in nature with the diameters ranging from 40 to
90 nm. It clearly shows that the average particle size is nanoscale
and it is in accordance with the results of the XRD.

EDX analysis showed the presence of the elements Zn and Si. At
high temperature at 1200 �C, Zn and Si species, move and diffuse
inside the porous body to form Zn2SiO4 phase. In parallel, the
HRTM image and the corresponding EDX analysis showed the
presence of nanoparticles that correspond to ZnO in sample, such
results is confirmed that the results obtained by XRD.

The TEM images corresponding to SZM (Fig. 3a) and SZV
(Fig. 3b). The Zn2SiO4 colloid suspension is formed in silica host
matrix with a particle size of about 70 nm. The EDX spectrum of
the doped sample showed signals directly related to the dopants.
Zn, Si and O appeared as the main components with low levels of
Mn and V (Fig. 3). This confirmed the formation of SZM and SZV
phases.
dx.doi.org/10.1016/j.optmat.2014.01.019
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Fig. 2. TEM photograph showing the general morphology of the Zn2SiO4 nanocomposite and its EDX analysis.
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3.2. Optical studies

3.2.1. Photoluminescence property
We used the excitation wavelength 245 nm to measure the

photoluminescence (PL) spectra of SZ nanocomposite at different
temperatures. As shown in Fig. 4, the sample has broad PL bands
centered at different positions. A strong near-UV emission located
at about 400 nm has been observed. This emission, different from
what is usually seen, could be attributed to the exciton-related
emission of ZnO near the band edge [24]. The striking feature is
(a)

100 nm 

(b)

Fig. 3. TEM photograph showing the general morphology of the (a) Zn
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the absence of almost any of the usually reported visible emission
bands in the range 400–650 nm (2.4–2.7 eV), and the appearance
of a strong and wide near infrared (NIR) emission band centered
around 760 nm, besides a near band edge emission including the
bound exciton line [8]. As illustrated in Fig. 5, the photolumines-
cence emission spectra of SZM nanocomposites at different
temperatures. The green emission has been assigned to an
electronic transition of 4T1ð4GÞ ! 6A1ð6SÞ peaking at the wave-
length 525 nm and which is a parity forbidden emission transition
of Mn2+ ions [25]. The graph shows that the relative PL intensity of
2SiO4:Mn and (b) Zn2SiO4:V nanocomposite and its EDX analysis.

dx.doi.org/10.1016/j.optmat.2014.01.019
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Fig. 4. PL spectra of the Zn2SiO4 nanocomposite at different temperatures.
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the nanocomposites decreases as the measured temperature
increases. It is generally recognized that the luminescence of the
Mn2+ ion depends on the Zn2SiO4 host crystal field. Mn2+ ions in
the Zn2SiO4 host with higher crystallinity feel a stronger crystal
field. Increasing the crystal field reduces the energy difference of
the ground and first excited state, resulting in peak broadening
and red-shift of the emission peak [26]. This emission centered
at 525 nm, corresponds to the d–d transition of Mn2+ through
energy transfer from Zn2SiO4 [27,28]. With Mn2+ occupies part of
the Zn2+ sites, which is coordinated by four oxygen atoms [25].
The weak crystal field around Mn2+ results in the low splitting
width of its 3d energy levels, in accordance with the observations
of Stevels and Vink [29].

The PL spectrum of the SiO2/Zn2SiO4:V nanocomposite obtained
by the 290 nm excitation wavelength consists on a very intensive
emission band located in the green–yellow spectral range. Fig. 6
shows the PL spectra of the SiO2/Zn2SiO4:V nanocomposite mea-
sured in the 400–900 nm wavelength range at different tempera-
tures. The intensity of the luminescence band observed at
540 nm decreases as the temperature increases. The shape and
the energy location of the PL emission bands are characteristic
for a deep levels emission. In fact; it is well understood that the
surface of silica is quite easily contaminated by water vapor result-
ing in silanol-related chemical bonds, such as Si–OH. We propose
that the ground electronic state for different kinds of OH-related
Fig. 5. PL spectra of the Zn2SiO4:Mn nanocomposite at different temperatures.
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species is the same, despite the variation in excited electronic
states. Therefore, the electronic transitions for all kinds of PL
centres involve the Si–OH vibration in the ground state of the
water-like species, but the relative intensity of different components
depends strongly on measurement temperature [30]. In our
previous works, using the same protocol, we have seen a similar
behavior after incorporation of Al2O3 in silica but not with the
incorporation of ZnO in silica [30]. This result is in agreement with
the studies of Dzwigaj and Michel Che [31], i.e., that the vanadium-
related species surrounded by silanol groups improve the lumines-
cence intensity of these broad emission bands in the visible range.
Generally in inorganic oxide matrices, vanadium is usually present
in three different oxidation states, V3+ (3d2), V4+ (3d1)and V5+ (3d0),
where by the trivalent ion is readily oxidized to higher valence
[32,33]. We join the opinion which asserts that the PL band is
attributed to the presence of V5+ ions and covers a broad band
ranging from 400 to 700 nm [5,31,33,34]. We notice also the pres-
ence of nine very broad emission bands appear between 1.80 and
2.76 eV with vibrational progressing of Dc = 960 cm�1. These
bands have been attributed to Si–OH vibration on the surface
[30], but we suggest that this phenomenon corresponds to the
transitions from the lowest vibrational level of the excited triplet
state T1(V4+ � O�) to the various vibration levels of the ground
state S0(V5+ = O2�) [35].

3.2.2. Photoluminescence excitation (PLE)
Photoluminescence excitation (PLE) spectra of the SZ, SZM and

SZV nanocomposites at the measurement temperature T = 78 K are
displayed in Fig. 7. In the case of SZ nanocomposite (Fig. 7a), the
PLE spectrum detected at 760 nm which shows the appearance of
a very weak peak at 375 nm (3.3 eV) relative to its value at higher
energy. The low energy excitation band is due to carrier excitation
in the near band edge of ZnO nanoparticles. Indeed, as it has been
shown by Chakrabarti et al. [36], a high annealing temperature
(1073 K) results in a rapid grain growth and when the radii of
the nanoparticles increases to 8.2 nm, a bulk ZnO like band gap
is obtained. However, the most efficient excitation process is with
photon energies of about 5.4 eV (230 nm), which are much higher
than the ZnO bulk band gap. Unfortunately, the high energy peak
position of the PLE spectrum cannot be clearly determined due to
the high energy range limit of our setup.

The shape and the structured nature of the PL emission band,
the large shift between the PL and the PLE energy peaks of the
760 nm PL emission are in principle a signature of a deep level
emission with an electron–phonon coupling. However, its full
width at half maximum (FWHM) dependence with temperature
Fig. 6. PL spectra of the Zn2SiO4:V nanocomposite at different temperatures.
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Fig. 7. PLE spectra of the (a) Zn2SiO4, (b) Zn2SiO4:Mn and (c) Zn2SiO4:V
nanocomposite.
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cannot be fitted according to this model, which rules out the
hypothesis of an electron–phonon coupling. One should also con-
sider the possible connection of the ZnO/Zn2SiO4 and Zn2SiO4/
SiO2 interface states with the observed emission band. Indeed, it
has been demonstrated that Si–O–Zn bonds can be formed in
sol–gel ZnO/SiO2 composites [8], resulting in the creation of inter-
face states. But, as it has been explained by Fu et al. [37], the Zn–O–Si
interface state is shallow as compared to VO or Zni related states. As
a consequence, these interface states could not be involved in our
NIR emission band, but they are involved in the observed UV emis-
sion band. The absence of the commonly reported green–yellow
emission band can be explained by the fact that, during high
temperature annealing in air, oxidation process should take place.
As a result oxygen is incorporated in interface sites and should
therefore induce a large decrease in intensity of the OH-related
PL emission. From the analysis of the PL and PLE spectra, it can
be concluded that the excitation peak near 760 nm can be attrib-
uted with the formation of NBOHs excited at the spectral region
hm P 5.4 eV, such band arises from the absorption of Zn2SiO4 par-
ticles. This suggests that an energy transfer occurs from Zn2SiO4

particles to NBOHs interface defects [38]. PLE spectra, in the case
of the SiO2/Zn2SiO4:Mn nanocomposites of the band detected at
525 nm, show a strong excitation band ranging from 240 to
300 nm with a maximum at about 255 nm (4.9 eV) compared to
bands in UV–vis range (Fig. 7b). The band at 255 nm is considered
to be responsible for the emission at 525 nm. The spectra fully
agree with previously measured excitation spectrum of Zn2SiO4:-
Mn [39]. The broad excitation peak at 255 nm could be attributed
to a charge transfer transition (or the ionization of manganese)
from the divalent manganese ground state (Mn2+) to the conduc-
tion band (CB) [25,40]. In addition to the CT band, other bands
(inset) of Mn2+ (d–d) transitions are also observed at higher wave-
lengths (350–500 nm), these are caused by crystal field splitting of
the 4D and 4G levels as shown by the Orgel diagram for Mn2+ [8,39].
The electrons in the 6A1 (6S) ground state of Mn2+ ions, are excited
to the conduction band of Zn2SiO4 by photons, and the free elec-
trons in the conduction band relax back to the 4T1 (4G) excited
state through a non-radiative process [39]. Finally, this is followed
by a radiative transition from the 4T1 (4G) excited state to the 6A1

(6S) ground state, giving rise to a green emission band (525 nm).
On the other hand, the PLE spectra of the SiO2/Zn2SiO4:V nanocom-
posite detected at 540 nm are given in Fig. 7c. These results, ob-
served for the first time, show an excitation band ranging from
240 to 350 nm with a maximum at about 250 nm. This excitation
band was attributed to the charge transfer (CT) in Zn2SiO4 lattice
Please cite this article in press as: J. El Ghoul et al., Opt. Mater. (2014), http://
[8,24]. The second peak excitation at about 300 nm is related to
the charge transfer in groups of vanadyl. This mechanism is
strongly affected by the ligand field strength may be understood
as an energy transfer process from O2� to V5+ which occurs intrin-
sically in the vanadyl group [34]. The width of the PLE band prove
that there are various origins of the luminescent centres and the
nature of these bands is not completely well established and calls
for further investigations. The large shift between the PL and PLE
energy peaks, the shape and the structured nature of the PL emis-
sion bands are very close to those of hydroxyl-related species [34]
with small shift, probably due to the change of the environment.
4. Conclusion

In conclusion, luminescent nanocomposites of undoped, Mn
and V doped Zn2SiO4 in a silica matrix were synthesized by sol–
gel method. The X-ray diffraction and TEM of our nanocomposites
show a crystalline phase with a particle size ranging between 50
and 90 nm. The PL spectra of the SZ, SZM and SZV nanocomposites
show a strong near-infrared luminescence band and the absence of
the commonly reported visible emission bands, a dominant peak at
525 nm and a band centered at 540 nm, respectively. Based on the
analysis of the PL and PLE spectra of this sample, it can be
concluded that the luminescence bands can be attributed to energy
transfer which occurs from Zn2SiO4 particles to NBOHs interfaces
defects, Mn2+ in Zn2SiO4 particle and the presence of V5+ ions,
respectively. Our results highlight the importance of temperature
of synthesis and dopant concentration of the material whose objec-
tive is to increase the life of components and prevent contamina-
tion caused by the external environment. Furthermore, no
change in the PL spectra, either in shape or position, was observed,
even after being aged for a long period of time, indicating the time
stability of the composite material. This result strongly suggests
that the production of nanoparticles in SiO2 matrix by sol–gel is
a simple way to maintain the luminescence spectra of the nanopar-
ticles. In this regard, time-resolved luminescence studies are
essential to unraveling the origin of the observed quenching
behavior.
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