Applied Physics A (2018) 124:215
https://doi.org/10.1007/s00339-018-1657-7

Applied Physics A

Materials Science & Processing

@ CrossMark

Photoluminescence and cathodoluminescence of Mn doped zinc
silicate nanophosphors for green and yellow field emissions displays

K. Omri' - A. Alyamani? - L. El Mir'?

Received: 20 December 2017 / Accepted: 5 February 2018 / Published online: 7 February 2018

© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Mn?*-doped Zn,Si0, (ZSM?**) was synthesized by a facile sol-gel technique. The obtained samples were characterized by
X-ray diffraction (XRD), Raman spectroscopy, photoluminescence (PL) and cathodoluminescence (CL) techniques. Under
UV excitation, spectra showed that the a-ZSM>* phosphor exhibited a strong green emission around 525 nm and reached the
highest luminescence intensity with the Mn doping concentration of 5 at.%. However, for the p-ZSM>* phase, an interesting
yellow emission band centered at ~575 nm of Mn?* at the Zn®* tetrahedral sites was observed. In addition, an unusual red
shift with increasing Mn** content was also found and attributed to an exchange interaction between Mn*. Both PL and CL
spectra exhibit an intense green and yellow emission centered at ~525 and ~ 573 nm, respectively, due to the 4Tl (*G)-SA 1
(®S) transition of Mn**. Furthermore, these results indicated that the Mn?>"-doped zinc silicate phosphors may have potential
applications in green and yellow emissions displays like field emission displays (FEDs).

1 Introduction

In the development of field emission display (FED) phos-
phors, new constraints compared with conventional cathode
ray tube (CRT) phosphors should be overcome [1]. Thus,
many researches have tried to reduce the surface resistance
of phosphor by coating some conducting materials [2—4].
The characteristics of phosphor are important to maximize
the luminous efficiency of displays [2]. That is, the visible
light generated must be ejected from the phosphor material
with a minimum loss. Such extraction efficiency of the light
is strongly affected by the characteristics of phosphor. The
particle size and the shape of phosphor directly affect the
properties such as surface uniformity, and microstructure
[3]. These properties determine the characteristics of the
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pathway for the generated light when it going out of the
phosphor [4].

To get high-quality yellow emission, manganese (Mn) is
considered as one of the most conventional phosphor activa-
tors due to its bright yellow emission at ~575 nm originat-
ing from the 3d transition which is dependent on symmetric
sites [5]. The chemical similarity between Zn** and Mn?*
facilitates the incorporation of the dopant ion; a lot of studies
have been done on ZSM>* phosphor. Since a significant part
of the Mn?* ions resides near the surface of the phosphor,
the incorporated concentration of Mn?" is consistently lower
than the intended dopant concentration [6]. It is wellknown
that several phosphors such as NaLaMgWO:Dy>* and
SryCaBi(PO,),:Eu’* have been investigated as the commer-
cial yellow-emitting phosphors [7, 8]. Unfortunately, these
kinds of phosphors suffer from some drawbacks such as poor
stability and special reaction environment.

Currently, the phosphor materials, which exhibit a com-
mon structure of phosphor, have attracted great interest in
various optoelectronic applications because of their excel-
lent luminescence properties and their availability in nature
[7-9]. In particular, Mn-doped zinc silicate (ZSM?*) mate-
rials containing peculiar optical characters are regarded as
promising candidates for luminescent materials [10-12]. El
Mir et al. [13], studied the structural and photoluminescence
properties of a- and f-ZSM** material and confirmed that
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a- and B-ZSM?** show luminescence depending on their
crystal structure.

Mai et al. [14], studied the optical properties of ZSM**
material and confirmed that the photoluminescence indi-
cates Mn**-related emission at an average wavelength of
579 and 528 nm. Mbule et al. [15] have reported the factors
influencing luminescent properties of Mn doped zinc silicate
phosphors prepared by sol—gel and combustion methods.
They have studied the fast and slow decay components that
are due to the pair or cluster formation and isolated ions at
higher doping concentration, respectively [14, 16]. Being
based on analysis of the luminescence spectrum, it has been
shown that emission band assigned to the 4Tl(4G)—>(’Al(6S)
electronic transition of Mn** was observed with maximum
intensity at ~573 nm for combustion samples and ~ 532 nm
for sol-gel samples [16] .

The dependence of PL and CL of ZSM** nanophosphors
on the particle size is not satisfactorily understood to date. In
our previous study on the preparation of SZM>* nanophos-
phors by sol—gel method [17], we introduced a solution tech-
nique which made it possible to successfully obtain homo-
gene particles with a dense structure. The nanophosphors
were characterized by various techniques. In the present
work, to understand the origin of the luminescence and the
small shift generally observed, additional characterizations
have been considered, including Roman and cathodolumi-
nescence (CL).

2 Experimental procedure
2.1 Preparation of ZSMn nanophosphors

The a- and B-ZSMn>* nanophosphors were prepared by a
sol—gel process under supercritical conditions of ethyl alco-
hol (EtOH) based on K. Omri et al. protocol [17].

2.2 Characterization

The crystalline phases of our samples were identified by
X-ray diffraction (XRD) using a Bruker D5005 powder
X-ray diffractometer with a CoKa source (1=1.78901 A).
Crystallite size (G, in 10\) were estimated from the Scherrer’s
equation (Eq. 1) [18]:

_ 0.91
Bcos Oy’ M

where 4 is the X-ray wavelength (1.78901 10\), 0 is the maxi-
mum of the Bragg diffraction peak (in radians) and B is the
line-width at half maximum. Transmission electron micros-
copy (TEM, JEM-200CX) was used to study the morphology
and particle size of the phosphor powders. Raman scattering
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spectra were collected on a Laser Confocal Microscopy
Raman Spectrometer (Lab RAM HR Evolution) with a
He—Cd laser (wavelength of 532 nm) for the excitation. For
PL measurements, the 450-W Xenon lamp was used as an
excitation source. CL study was investigated using a Gatan
MonoCL4 operated at 10 kV. The magnetic properties of the
nanophosphor samples were characterized by a commercial
Quantum Design SQUID-VSM magnetometer.

3 Results and discussion
3.1 Raman spectral analysis

Figure 1 shows the Raman spectra of the samples a-ZSMn**
and p-ZSMn?* nanophosphors at room temperature. All
of Raman spectra exhibited strong characteristic modes
of vibration; three intense modes of vibration at 852, 902
and 946 cm™! for a-ZSMn?* nanophosphors and also three
intense modes of vibration at 867, 929 and 964 cm™! for
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Fig.1 Raman spectra of the o-ZSMn** and B-ZSMn** nanophos-
phors
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[3-ZSMn2+ [19]. Raman bands between 800 and 1100 cm™"
were assigned to stretching and flexing bands of SiO,
groups, respectively [19]. In our case, of heavy doping with
Mn?** ions, the additional Raman peak positions coincide
exactly with those of ZSMn?*, which is not detectable in
Raman due to small limitation of the measurement. These
results further proved the formation of the ZSMn>* phase,
which were well consistent with the XRD results.

3.2 Structural studies

Figure 2 shows the TEM images and XRD spectra of
a-ZSMn** and p-ZSMn** nanophosphors. TEM images
show well-structured zinc silicate (ZS) particles of small
and round grains with an average diameter of about 80 nm.
The images depict the irregular distribution of the size but in
all cases they are in the nanometer range. The weak aggre-
gation found between particles is due to the calcinations at
high temperature. The micrographs reveal that, the phosphor
show highly agglomerated, porous, irregular size particles.

It can be observed that the agglomerated particles have no
uniform shape and size. This non uniformity is related to the
non-uniform distribution of the heating temperature. This
characteristic was also confirmed by the XRD as shown in
Fig. 2. In fact; XRD is the finest convenient method for char-
acterizing the crystallinity and phase purity of the samples.
The powder X-ray diffraction patterns of a-ZSMn>* and
B-ZSMn”* nanophosphors have been presented. Some of
diffraction peaks become narrower and sharper than that of
original ones, reflection peaks could be identified clearly due
to the growth of a-ZSM and B-ZSM particles, which matches
well to that JCPDS No. 37-1485 and JCPDS no. 19-1479
Cards, respectively [20]. According to our earlier reports
[13, 17], the optimum temperature was found at 1200 °C
for a-ZSMn?>* and the reduction of doping concentrations
show a considerable effect on the size and phase of crystal-
lites purity [16]. The XRD pattern was in good agreement
with the data of Marit Maiet et al. [14] who confirmed that
the diffraction peaks correspond to typical rhombohedral
ZS phase with the R3 space group and cell parameters of a
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Fig.2 X-ray diffraction pattern and TEM photograph showing the general morphology of the a «-ZSMn>* and b -ZSMn** nanophosphors
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=13.944 and ¢ = 9.315 A. With the introduction of dopants
(Mn?**), as shown in Fig. 2, the XRD patterns were almost
similar, indicating the high single crystallinity without sig-
nificant change of host structures by dopants. This result
indicates that a-ZS has a rhombohedral structure [13]. These
nanophosphors f-ZSMn** crystallize in triclinic structure
[15]. The size of the particles from samples, calculated from
the Scherrer’s formula (Eq. 1) is typically 85 nm [19]. The
range of crystallite size obtained from XRD nearly agrees
with the particle size obtained from the TEM studies.

3.3 Optical properties
3.3.1 Fourier transform infrared spectroscopy (FTIR)

The formation and purity of the a-ZSMn>* and p-ZSMn>*
nanophosphors synthesized by sol-gel method were further
confirmed by FTIR studies and results were depicted in
Fig. 3. The FTIR spectra of a-ZSMn>* sample are shown
in Fig. 3 where the totally symmetric stretching bands at
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Fig.3 FTIR spectra of a-ZSMn** and p-ZSMn>* nanophosphors
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576 cm™! (v, ZnO,; symmetric stretching), 461 cm™! (v,
Si0,; asymmetric deformation), 901, 941 and 974 cm™!
(05 SiO,; asymmetric stretching), 863 cm™! (v, SiO,; sym-
metric stretching) [21] confirming the formation of the SZ
phase. In the case of p-ZSMn** nanophosphors, the bands
were observed at 578 cm™! (v; ZnO,; symmetric stretching),
463 cm™! (v4 Si0,4; asymmetric deformation), 913, 963 and
984 cm™! (03 Si0,4; asymmetric stretching), 868 cm™! (v,
Si0O,; symmetric stretching). The intensity of the band due to
symmetric stretching (v; SiO,) and asymmetric deformation
(v4 Si0,) reduced appreciably. Additionally, the symmetric
stretching (v, ZnO,) shifted to 578 cm™" [22]. The formation
of both Zn and Si vacancies at high temperature is the driv-
ing force for the rapid formation SZ and the silicate phases.
However it will be necessary to follow the formation of the
different phases observed, as the temperature is raised, to
obtain a better understanding of the changes that occur.

3.3.2 Photoluminescence properties

Figure 4 shows the room-temperature photoluminescence
spectra of a-ZSMn** and f-ZSMn”" nanophosphors synthe-
sized by sol—gel method. The emission spectra of our nano-
phosphors under 255 nm excitation consist of a wide green
band with a peak at about 525 nm for a-ZSMn>* sample
and yellow emission at 575 nm for f-ZSMn?* phase, which
are due to a 3d’ (4T1g)—3d5 (6A1g) transition corresponds
of Mn?* ions in different phases [23]. As shown in Fig. 5,
a-ZSMn?* sample have broad photoluminescence band with
intensity depends on measurement temperature. The green
luminescence of a-phase with the maximum PL wavelength
at 525 nm could be found. The Mn>* ion substitutes for Zn>*
in the ZS lattice due to similar ionicity. Annealing at high
temperature is an effective way to improve the emission
intensities of the phosphor because it reduces the surface
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Fig.4 PL spectra of a-ZSMn?* and p-ZSMn>* nanophosphors
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Fig.5 PL spectra of the a-ZSMn>" nanophosphors at different tem-
peratures

defects and improves crystallinity. But with the d electrons
within the 3d sublayer, Mn?* emission can be affected by the
crystal field, which results in the emission changing from
green to red.

Figure 6 shows the PL emission spectra of f-ZSMn>*
nanophosphors at different temperatures, measured at an
excitation wavelength of 255 nm. The result indicates that
the yellow emissions come from the same source, namely,
the transition from T, (*G) — °A, (°S) of the doping Mn**
ions substituted in Zn*" sites of the Z$ lattice [15, 17]. Addi-
tionally, when Mn** is located in the tetrahedral crystal field,
it can emit green light. In other words, through changing
the crystal field conditions, the spin forbidden d—d in Mn?*
transition (*T; — ®A ) can emit green light [13].
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Fig.6 PL spectra of the f-ZSMn>* nanophosphors at different tem-
peratures

3.3.3 CL properties of ZSM?**

The spectra are similar to that of PL. As a typical sample, the
CL spectra of a-ZSMn** and -ZSMn?* nanophosphors are
shown in Fig. 7. Under (10 kV and 70 mA) excitation, the
emission spectrum consists of a dominant band at 526 nm
(a-ZSMn*") and 574 nm (B-ZSMn*"), due to the *T, (*G)
— YA, (°S) transition of Mn?* [24]. For a-ZSMn** sample,
its FWHM is ~ 80 nm. The measured CL spectrum exhib-
ited high similarity with the PL spectra in Fig. 5. Compared
with this spectrum, it is obvious that CL emission is wider
and exhibits a small blue shift. However, in the case of
B-ZSMn** nanophosphors, the surface of the phosphor did
not fully react with the Zn ions, probably because of the high
temperature of the Zn ions. Although the CL behaviors of
Mn doped ZSMn** phosphors are not fully understood at
present, the precise control of Zn ions into the phosphor
surface depending on its sintering conditions will be helpful
in terms of increasing CL [25].

3.4 Magnetic properties

ZSMn** samples have promising applications in bioimag-
ing and drug delivery [55]. The magnetic properties of the
samples are investigated by VSM. The Magnetic moment
versus magnetic field (M—H) curve of ZSMn>** nanophos-
phors has been studied at 300 and 5 K by SQUID and the
result is presented in Fig. 8. At 300 K, the curves show that
there is a ferromagnetic component superimposed on strong
diamagnetic backgrounds (Fig. 8a). In addition, at 5 K the
magnetization curves show that our nanophosphors have
both paramagnetic behaviors. The values of the saturation
magnetization (M,) of a-ZSMn** and $-ZSMn?>* nanophos-
phors are 0.0021 and 0.0019 emu/g, respectively. The values
of the coercive field (H,) deduced from the measurements
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Fig.7 CL spectra of a-ZSMn?* and -ZSMn** nanophosphors
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Fig.8 M-H curves of ZSMn nanophosphors at 5 and 300 K

are 92.7 and 91.8 Oe, respectively. It can be seen that the
saturation magnetization value at room temperature is lower
than the value obtained at 5 K [26].

4 Conclusion

The ZSMn** samples nanophosphors were synthesized by
sol—gel method. The PL exhibited green and yellow emis-
sions of Mn** ion attributed due to the *T, (*G) — °A, (°S)
transitions under 255 nm wavelength excitation. Further-
more, the ZSMn>* nanophosphors possessed excellent CL
emission intensity that could be significantly enhanced with
elevating the accelerating voltage and filament current. Nev-
ertheless, the magnetic properties of our samples show that
there is a ferromagnetic component superimposed on strong
diamagnetic and paramagnetic depend with temperature.
These characteristics make the a-ZSMn** and p-ZSMn?*
nanophosphors promising candidates for white LEDs and
FEDs as green and yellow emitting phosphors.
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