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Abstract

Nanocrystallines Mn**-doped zinc silicate (B-Zn,Si0,:Mn) embedded in SiO, host matrix were synthesized in two steps.
In the first one a sol—gel process was used for the elaboration of silica aerogel monolith enriched by ZnO:Mn nanoparticles
using supercritical conditions of ethanol. In the second step a simple solid-phase reaction under natural atmosphere at
1500 °C was investigated. The structure and texture of the obtained nanocomposites were studied by X-ray diffraction and
transmission electron microscopy respectively. The optical results indicate that the obtained nanocomposites have excellent
luminescence properties in the visible range. In addition, the PL spectrum for the 3-Zn,SiO,:Mn/SiO, nanocomposite reveals
a band centered at about 584 nm attributed to the *T,—°A, transitions of Mn?" ions. The intensive yellow luminescence
presents a red shift and the lifetime is relatively weak compared to the known luminescence properties of this material. The
obtained results are attributed to the protocol used and the excess of Mn** ions. The linear diminishing behaviours of the
PL integrate intensity with the operating temperature, and the variation of the time decay with the Mn>" contents; make it
possible to anticipate the utilization of this material in luminescence thermometry.

1 Introduction

Over the last decays, zinc silicate is becomes a perfect host
material for transition metal ions in view of its chemical
stability and transparency in the UV-Visible range [1-4].
Transition and rare-earth ions are superb luminescent cent-
ers because of their inner shell electronic transitions [5].
Thus, change and uncommon earth ion doped zinc silicates
have been examined widely as potential luminescent materi-
als [3-5]. In fact; it is notable that Zn,SiO, is polymorphic
material, including principally «, f phases. Zn,SiO,:Mn
with a-phase is a stable structure and emits green radia-
tion, while p-phase is a metastable structure which becomes
stable only at very high synthesis temperature and displays
yellow luminescence [6]. Numerous exploration works have
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been investigated on mixed oxides [7—12]. There are just a
few reports on the preparation and analysis of 8-Zn,SiO,:Mn
powders [13, 14]. This is somewhat due to the non-stability
of f-Zn,Si0, which just forms under certain conditions [6].
For example, $-Zn,SiO, was framed as a middle stage and
changed into stable a-Zn,Si0, under hydrothermal synthesis
in supercritical conditions of water [15]. Moreover, the prop-
erties of -Zn,Si0, and process concerning yellow emission
are as yet vague. In this paper, by appropriately designing
and supercritical conditions of ethanol drying, we have
effectively prepared p-Zn,SiO,:Mn nanoparticles embedded
in silica matrix. The optical and physical properties of the
as-prepared nanocomposite (-Zn,Si0,:Mn/SiO,) have been
examined. Till now experimental work has been directed to
a-Zn,Si0,:Mn and has been performed with sol-gel synthe-
sis [16-19], polymer precursor methods [20], combustion
synthesis [21], spray pyrolysis [22], chemical vapor depo-
sition [23] and hydrothermal synthesis [24]. In any case,
the nature of the nanoparticles with respect to size and size
distribution are constrained; essential issues, like the level
of agglomeration or the quantum yield have not been consid-
ered, yet. Morimo and Matea incorporated Zn,SiO,:Mn by
sol-gel technique and compared the luminescence of their
examples and those made by solid-state reactions [25]. They
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obtained higher PL intensity for their examples containing
2% Mn loading. Li and collaborators have synthesized pure
and Mn-doped zinc silicate utilizing different salts of zinc
and found that the type of the precursor of the anion influ-
ences the morphology of the particles [26]. Later, Raynaud
and colleagues built up an aqueous sol—gel protocol for
silicate preparation, which gave a-Zn,SiO, particle sizes of
1-3 um with morphology very well-defined [27]. Be that as
it may, up to now, the method for sol-gel preparation has
utilized for the synthesis of the different nanocomposites
where the silica used like a framework. Our target in this
work is, in a first step the in-situ synthesis of luminescent
nanoparticles of p-Zn,SiO,:Mn in a silica lattice whose goal
is to expand the life of the sample and prevent contamination
caused by the external environment. There is a need for more
control over the shape, size, surface properties and purity
of phosphors, which are compromised in high temperature
synthesis. The luminescent properties of phosphors strongly
depend on the crystal structure and particle size [28]. High
temperature synthesis results in agglomeration of phosphor
particles [28]. Further, crushing, ball milling, and grinding
damage phosphor surfaces and decrease emission intensity
[29].

Herein, we synthesized Mn-doped ZnO and Mn-doped
B-Zn,Si0, nanoparticles in SiO, host matrix with high Mn>*
loading. In order to give more stability for potential appli-
cations to our samples; particular elaboration process was
adopted based on sol-gel route followed by furnace firing
at 1500 °C for 2 h. The crystalline properties, PL emission
spectra, and decay time were systematically studied.

2 Experimental procedure
2.1 Preparation of B-Zn,Si0,:Mn nanocomposites

The preparation of colloid suspension particles in silicate
network has been done in three stages. In the first one, nano-
particles of ZnO:Mn aerogels, with high atomic manganese
doping concentration of [Mn]/([Zn]+[Mn])=20%, have
been realized by a modified sol-gel technique according to
El Mir et al. approach [6]. In this process, nanocrystalline
ZnO:Mn aerogels were synthesized by dissolving 4 g of zinc
acetate dehydrate (Zn(CH;COO)-2H,0) and adequate quan-
tity of manganese (II) chloride-4-hydrate (MnCl,-4H,0) in
14 ml of methanol under magnetic stirring for 2 h. The water
for hydrolysis was slowly released by esterification reaction
of acetone with methanol to control the size of the formed
nanoparticles. The drying was realized in autoclave under
supercritical conditions of ethyl alcohol (EtOH). In the sec-
ond stage, we have synthesized ZnO:Mn dispersed in silica
aerogel as indicated by the following procedure: 1 ml of
tetraethylorthosilicate (TEOS) was first dissolved in EtOH.
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At that point, with steady mixing of the blend of TEOS and
EtOH, 0.88 ml of water and 60 mg of nanoparticles powder
as obtained in the initial step were added. The entire solution
was mixed for around 30 min, bringing to the development
of a uniform sol. After, the obtained sol was moved to tube
in ultrasonic bath where 100 ml of fluoride acid (HF) was
added. The wet gel was obtained in some seconds. White
and monolithic aerogel was acquired by supercritical dry-
ing in EtOH as portrayed in the initial step. At long last,
glass—ceramic containing p-Zv,Si0,:Mn particles were got-
ten after thermal treatment of the aerogel at 1500 °C for 2 h.
The used processes are summarized in Table 1.

2.2 Characterization

The crystalline phases of our samples were identified by
X-ray diffraction (XRD) using a Bruker D5005 powder
X-ray diffractometer using a CuKa source (1.5418 A radia-
tion). Crystallite sizes (G, in A) were estimated from the
Scherrer’s equation (Eq. 1) [30]:

_ 094
" BcosOy &y

where A is the X-ray wavelength (1.5418 A), 0 is the maxi-
mum of the Bragg diffraction peak (in radians) and B is
the linewidth 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 result-
ing suspension containing the synthesized materials onto
TEM grid. The elemental mapping image and EDS were
performed by (FE-SEM, JEOL JSM-7800F) field-emission
scanning electron microscopy. For photoluminescence (PL)
measurements, a laser 337.1 line of Laser Photonics LN 100
nitrogen and 450-W Xenon lamp were used as an excitation
sources. The emitted light from the sample collected by an
optical fiber on the same side as the excitation was analyzed
with a Jobin—Yvon Spectrometer HR460 and a multichannel
CCD detector (2000 pixels). The photoluminescence excita-
tion (PLE) measurements were performed on a Jobin—Yvon
Fluorolog 3-2 spectrometer. The decays were analyzed by a

Table 1 Synthesis processes and conditions

Synthesis product Process Synthesis
temperature
©

ZnO:Mn Sol-gel 250

B-Zn,Si0,:Mn/SiO, Sol-gel followed by 1500

solid reaction
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PM Hamamatsu R928 and a scope Nicolet 400 with a time
constant of the order of 1 ns. The low temperature experi-
ments were carried out in a Janis VPF-600 Dewar with vari-
able temperature controlled between 78 and 300 K.

3 Results and discussion
3.1 Structural and mophological studies

Figure 1 depicts the XRD patterns of Mn doped-ZnO nano-
powder. The strongest peaks were observed at 20 =31.664°,
34.395° and 36.293° corresponding to those of pure zinc
oxide. All the diffraction peaks could be fitted with the
hexagonal wurtzite structure. The obtained data is in well
agreement with the Joint Committee on Powder Diffrac-
tion Standards (JCPDS) card no JCPDS PDF no 36-1451
[16]. Globally, the peak positions shift to smaller angles
compared to undoped zinc oxide ones prepared in the same
conditions, because of the increase in the inter-planar spac-
ing due to substitution of lattice site by an ion of higher
radius [31]. There is a slight increase in lattice parameter
values for Mn doped-ZnO nanocrystalline particles (for Mn
doped-ZnO: a=3.251 A, c=5.207 A) compared to that of
ZnO sample (a=3.249 A, ¢=5.205 A, JCPDS no. 36-1451).
The increased lattice parameter values of Mn doped-ZnO
indicate the incorporation of manganese in zinc oxide par-
ticles [31]. The ionic radius of Zn>* (~0.60 A) is smaller
than Mn?* (~0.67 A) ions [32]. In the case of high doping
concentration by Mn, excessive doping usually resulted in
segregation of secondary phase in grain boundaries, which
may involve poor crystallinity [33, 34].

The large difference between the real Mn concentration
and the nominal Mn concentration is understandable because

Intensity (a. u.)

20 (degree)

Fig.1 X-ray diffraction pattern of the ZnO:Mn nanopowder

partial raw materials remain in the reaction solution. Mn**
ions have a solid solubility limit of about 13-25% in ZnO
matrix depending on synthesis technique [35]. When the
real Mn concentration of the sample with a nominal Mn
concentration is in order of the solid solubility limit the Mn
ions were easily diluted in the ZnO host matrix. In other
hand, according to Scherrer’s formula (Eq. 1) and after a
correction for the instrumental broadening, the grain size
value of the crystallites was estimated of about 40-50 nm.

Figure 2 shows the X-ray diffraction patterns of
B-Zn,Si10,/Si0, glass—ceramic nanocomposite treated at
1500 °C for 2 h in air. It is clear that all the diffraction peaks
are in good agreement with those of the standard pattern
reported by the Joint Committee on Power Diffraction Stand-
ard (JCPDS No. 19-1479) [4, 5]. After the incorporation of
these nanoparticles of ZnO:Mn in SiO, and thermal treat-
ment at high temperature, a new zincic phase (p-Zn,SiO,)
was formed in-situ of glass matrix. In our results the pattern
resembles to that of B-Zv,Si0,, with slightly difference in
the peak position and the number of peaks to the results
reported by Roobsky and McKeag [4]. The above results
imply that the solid reaction between ZnO and SiO, occurred
to form the p-Zv,Si0, phase during heat treatment at
1500 °C. It is clear that the most dominant crystalline phase
corresponds to the $-Zn,Si0, phase, in parallel we note the
appearance of two other phases of silica [4, 13]. However,
at high temperature, Zn** and Si** species in the structure
appear to be mobile enough to move and diffuse inside the
porous body and contribute to the formation of B-Zv,SiO,
phase. Nevertheless, we do not find any diffraction about
Mn%* ion compound, which indicates that Mn?* ions entered
into the lattice of B-Zv,Si0,. The average grain size of the
crystallites Zn,SiO, in our samples is about 70 nm [13], has
been estimated using Scherrer’s formula (Eq. 1).

(410)

u B-ZnSiO,
e SiO,

Intensity (a. u.)

20(degree)

Fig.2 X-ray diffraction pattern of the $-Zn,SiO,:Mn nanocomposite
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We investigated the size and morphology of our sam-
ples by transmission electron microscopy. The TEM image
of Mn-doped ZnO nanoparticles (Fig. 3a) shows that very
small ZnO particles are present in the as-prepared aero-
gel powder. The size of the majority of ZnO:Mn parti-
cles in this powder vary between 40 and 50 nm. Taking
into account the results of crystallite size measurements
by XRD, it can be concluded that the crystallite size is
approximately equal to the particle size in the powder pre-
pared in the present work.

The TEM micrographs of the p-Zn,SiO,:Mn/SiO,
glass—ceramic (Fig. 3b) indicating that the presence of
Zn,Si0, nanoparticles dispersed in the silica matrix. At
high annealing temperature of 1500 °C for two hours, Zn
and Si species move and diffuse inside the porous body
to form B-Zv,Si0, phase. For that reason we illustrated
the enhancement of the particle size which increases
from about 40 nm for ZnO:Mn to 70 nm for Zn,SiO,. Fig-
ure 3c shows the elemental mapping sum image of the
B-Zn,Si0,:Mn/SiO, glass—ceramic sample. Non homog-
enous dispersion of the different elements was illustrated.
This behavior is well explained by physiological nature
of our nanocomposite. Energy dispersive spectroscopy
(EDX) analysis, shown in Fig. 3d, confirms the presence
of manganese (Mn), in good agreement with XRD and
elemental mapping sum image results.

Fig. 3 Morphology and chemi-
cal elementary analysis of the
samples. a TEM of ZnO:Mn, b
TEM of the nanocomposite, ¢
EDX analysis of the ZnO:Mn, d
EDX analysis of the nanocom-
posite. (Color figure online)
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3.2 Optical properties

Figure 4 shows the photoluminescence emission intensities
at different measurement temperatures of f-Zn,SiO,:Mn/
SiO, glass—ceramic, synthesized by sol-gel method followed
by furnace firing at high temperature (1500 °C for 2 h) using
El Mir et al. protocol [36, 37], under UV excitation. The
yellow emission has been assigned to 4T1(4G) — 6Al(f’S)
electronic transition, peaking at the wavelength 584 nm and
which is a parity forbidden emission transition of Mn** ions
[13]. The diagram demonstrates that the relative PL power
increments when the measure temperature decreases. This
emission centered at 584 nm, corresponds to the energy
transfer in the Mn?* ions [13]. With Mn** occupies part of
the Zn?* sites, which is tetra-coordinated by four oxygen
atoms [5, 13]. The crystal field around Mn?** ions involves
a low splitting width of its 3d energy levels, in accordance
with the perceptions of Barthou et al. [36]. As a result, an
intensive yellow emission at 584 nm is obtained with note-
worthy red-shift compared to the luminescence generally
obtained with low Mn** loading [38—41]. Also, a noticeable
red-shift of the PL emission band with the enhancement of

the measurement temperature was observed; this is gener-
ally explained by the exchange interactions between Mn>*
ions [42]. In Zn,SiO, phase, the Mn>" ions are arranged at
the marginally distorted tetrahedral sites with four oxygen
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Fig.4 PL spectra of the p-Zn,SiO,:Mn nanocomposite at different temperatures. (Color figure online)
neighbors [42]. The used wavelength of excitation of 255 nm 8
corresponding to photon energy of 4.86 eV is smaller than
the band f Zn,SiO,. The excitation of Mn>" i *) _
gap energy 0 p28104 e e.xgtatlon of Mn“" ions ;"exc_ 337.1 nm

follows their ionization i.e., the transition from the ground 6k

state to the conduction band, and the non-radiative relaxa-
tion of the electrons to the excited state 4Tl of Mn?* [13].
From the PL spectrum, a slight red-shift of the maximum of
the peak is denoted while the emission intensity enhances.
It is known that the internal luminescence of the Mn>* ion
is influenced the host crystal field. Mn** ions in the Zn,SiO,
host matrix with higher crystallinity feel an intensive crystal
field. An increase of this field reduces the energy difference
of the ground and the first excited state, inducing a peak
broadening so a small red-shift of the emission peak [43].
Furthermore, the area of the sub yellow-discharge band at
584 nm versus the measurement temperatures is depicted in
Fig. 5. These integrate intensity declined markedly as the
temperatures expanded. The intensive yellow luminescence
presents a red shift compared to previous works [38—40]
where the luminescence was observed at about 570 nm; this
result is principally due to the used protocol consisting on
the in-situ synthesis of the zinc silicate phase and the high
Mn?* loading. On the other hand, the excitation spectrum
of B-Zn,Si0,:Mn/Si0, glass—ceramic comprises a strong

M anal=584.0 nm

100 200 300
T (K)

Fig.5 Area the sub yellow-emission band (584 nm) a function of dif-
ferent temperatures. (Color figure online)

excitation band extending from 220 to 300 nm with a most
extreme at 255 nm, which is attributed to excitation of Mn?*
charge transfer transition [18] (Fig. 6). The spectrum shows
a broadband intense peak, which is corresponds to the charge

@ Springer
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Fig.6 PLE spectra of the f-Zn,SiO,:Mn nanocomposite

transfer (CT) band of Mn”* in the Zn,SiO, phase as ascribed
by Mishra et al. [44]. Likewise, to the CT band, additional
bands of Mn?" (d—d) transition are also seen at higher wave-
lengths; these are caused by the splitting of the “D and *G
levels in view of the crystal field, as presented in the Orgel
diagram for Mn%* [41, 45, 46]. The electrons at the ground
state 5A,(%S) of Mn?* ions, which originate from the pho-
toexcited ionization of Mn?*, are excited by photons to the
Zn,S10, conduction band, and the obtained free electrons in
the conduction band relax back to the *T 1(4G) excited state
through a non-radiative process [47]. At last, this is trailed
by radiative transition from the 4T1(4G) excited state to the
6Al(és) ground state, emitting visible light at 584 nm. This
happens when Mn ions occupy the tetrahedral sites of the
triclinic system. It can likewise clarify the motivation behind
why warm treatment of the samples at high temperature at
around 1500 °C is generally important for the development
of B-Zv,Si0,:Mn/SiO, nanocomposite, since Zn** and Mn>*
ions are probably going to move to bigger interstices more
than tetrahedral ones, to settle them in such bigger interstices
instead to returning to tetrahedral interstices [38]. Moreover,
the distinction in the coordination condition might be the
origin of the red-shift of Mn emission in Zn,SiO,:Mn/SiO,
glass—ceramic nanocomposite [2].

The yellow emission decays at 584 nm of the sample at
different measurement temperatures 78 K and 300 K are
shown in Fig. 7. The curves show that the decay kinetics are
exponential; so the result can be obtained according to the
following equation (Eq. 2) [1]:

I=Ae/" )
where 7 is the luminescent lifetime and A is the pre-expo-
nential factor. From the fitting results we get A =0.98,
7=0.6 ms at 300 K, while in the case of 78 K we found
T=3 ms. This trend is in agreement with the previous
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Fig.7 Decay curve of the -Zn,SiO,:Mn nanocomposite at different
measurement temperature. (Color figure online)

observations but for green emission for the same material
prepared at lower temperature of about 1200 °C [38]. The
long decay time of Zn,Si0,:Mn is a snag for the PDP appli-
cation. Along these lines, parcel of endeavors have been
devoted to reduce the decay time of Zn,SiO,:Mn materials
without losing its interesting efficiency [15, 38]. It is con-
ceivable to reduce the time decay of the phosphor material
by expanding the dopant content. In any case, on account of
the accompanying energy transfer, non-radiative de-excita-
tion procedures will increment and the sample efficiency will
diminish because of the well-known high loading dopant
effect. At the point when the dopant loading is enhanced, the
opposition effect between a higher number of excited centers
and lower radiative efficiency will decide the ideal dopant
content [38]. Morell and Khiati [45] attributed such behav-
ior to quenching effect. More recently Barthou et al. [38]
found that there exist two different activation centers with
different decay time and that the faster one is predominant
at high Mn concentration, which is believed to be Mn—Mn
pairs in Zn,Si0,.

4 Conclusion

ZnO:Mn nanoparticles and p-Zn,Si0,:Mn/SiO,
glass—ceramic nanocomposite have been synthesized by
sol-gel technique. The X-ray diffraction and TEM of Mn-
doped ZnO nanoparticles show a crystalline phase with a
particle size ranging between 40 and 50 nm. Upon incorpo-
ration of ZnO:Mn nanoparticles in SiO, and heat treatment
at 1500 °C, B-Zn,SiO, phase was formed in-situ of SiO,
host matrix. The obtained sample showed a strong promis-
ing yellow luminescence. From the analysis of the PL and
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PLE spectra, it can be concluded that the luminescence band
at 584 nm can be attributed to Mn** in p-Zn,SiO, phase.
The advantages of this method include simplified procedure,
low cost, large-scale production and controlled lifetime by
doping concentration, which have potential applications in
lighting fields and optoelectronic devices.
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