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ABSTRACT

This paper presents the characteristics of ZnS:Mn,Ce phosphor prepared by solid-state sintering. The
luminance of ZnS:Mn phosphor was improved via energy transfer mechanism by co-doping with Ce
sensitizer. XRD measurements show that the crystallization of ZnS:Mn,Ce is essentially dependent on
the sintering temperature. The cubic- and hexagonal-ZnS phases coexisted at a sintering temperature
of 900°C. The content of the hexagonal-ZnS phase is increased with increasing sintering temperature,
and a complete conversion to the hexagonal-ZnS phase occurs at 1200 °C. Photoluminescence analyses
reveal that the emission peak of ZnS:Mn,Ce phosphor is red-shifted with increasing doping concentration,
and is blue-shifted with increasing sintering temperature. Enhanced emission is induced in ZnS:Mn,Ce
phosphor by indirect excitation, in which the electrons in the ZnS host and Ce sensitizer absorb the
excitation energy and transfer it to the Mn activator for yellow emission.

Sintering

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recently, many researchers have investigated the optical prop-
erties of doped ZnS phosphors, particularly, MnZ*-doped ZnS,
because ZnS:Mn phosphors have potential applications in electro-
luminescence devices [1,2], field emission displays [3], and optical
sensors [4]. However, for fabricating such devices, it is neces-
sary to improve the luminescence of ZnS:Mn phosphors. Surface
passivation is an efficient method for preparing ZnS:Mn phos-
phors, as it helps reduce the density of surface states, suppress
non-radiative recombination, and stabilize the structural and opto-
electronic properties of the phosphor [5-8]. Additionally, when
nanocrystals are used to prepare such phosphor, the emission area
is increased and quantum confinement occurs; because of this,
the number of emission sites is increased and there is a great
possibility of indirect transition at the crystal boundaries. This
in turn results in enhanced absorption of excitation energy and
improved luminescence characteristics [6,8]. Nevertheless, lumi-
nescence properties of nanocrystal phosphors are sensitive when
there are changes in the environment; hence, an effective pas-
sivation layer is formed on the surface of the particles, because
of which the luminescence properties of the phosphor are sta-
bilized. The luminescence of nanocrystal phosphors can also be
improved by irradiation treatment [9], thermal annealing [10],
and optimization of doping concentration [11]. Energy transfer
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is another effective approach for enhancing the phosphor lumi-
nescence [12-16]. In recent years, extensive research has been
carried out on resonant energy transfer among dopantions in phos-
phors.

Co-doping processes have been carried out to prepare effi-
cient ZnS:Mn phosphors that are based on energy transfer. In this
method, an activator and a sensitizer with efficient excitation prop-
erties are doped into the host lattice. When the sensitizer and
activator form small clusters in the host lattice, efficient energy
transfer from the sensitizer to the activator takes place, and this
results in enhanced luminescence [17-19]. In this case, the radia-
tive lifetime of the sensitizer must be at least equal to that of the
activator; otherwise, the sensitizer would decay instead of the acti-
vator, and this would result in undesired emission characteristics.

There are very few reports on the use of Mn and Ce as co-
dopants for improving the luminance of sulfide phosphors, and the
co-doping characteristics in this case have not been investigated
in detail. Therefore, in this study, a yellow ZnS:Mn phosphor was
prepared using Ce as the co-dopant to enhance the luminescence
characteristics via energy transfer. The crystallization and lumines-
cence properties of the ZnS:Mn,Ce phosphor are investigated.

2. Experimental

ZnS:Mn,Ce powder was synthesized using the conventional solid-state reaction
method. First, the starting material ZnS (99.99%), MnO, (99.9%) and CeF; (99.9%)
powders were mixed at a molar ratio of ZnS:MnO,:CeF3 = 1:x:x. The values of x were
varied from 0.2 to 2.0, and the doping concentration of MnO, was equal to that of
CeFs.The source powders were then mixed with deionized water and milled for 24 h.
Subsequently, the mixed solution was dried in an oven at a temperature of 80°C for
8 h. The mixed powders were then sintered in a tube furnace at temperatures of
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Fig. 1. Cross-sectional image of the phosphor film.

800-1000°C for 1h in a N, atmosphere. The flow rate of N, was set at 10 sccm.
The redox reactions proceed during sintering. After sintering for 1 h, the ZnS:Mn,Ce
phosphor was obtained.

In order to measure the luminescence property of the ZnS:Mn,Ce phosphor,
phosphor films were prepared. An indium-tin oxide (ITO)-coated glass with a sheet
resistance of 10 ohm per square was used as the substrate, and the phosphor was
coated on ITO/glass by screen-printing to form the phosphor film. The weight ratio
of polyvinyl alcohol binder to phosphor was 0.4. The printed phosphor film was
subsequently dried naturally in air for 20 min, and then put into an oven and baked
at 110°C for 30 min to remove the binder. The film thickness estimated using a
scanning electron microscope (SEM) was about 28 wm, as shown in Fig. 1.

A Hitachi F-4500 fluorescence spectrophotometer equipped with a 150 W xenon
lamp and a monochrometer was used to evaluate the PL and PL excitation (PLE) spec-
tra of the phosphor film. The excitation wavelength for PL measurement was set at
340 nm, scanning from 300 to 700 nm; the monitored wavelength for PLE analysis
was fixed at 568 nm, the emission peak wavelength of phosphor. The surface mor-
phology of the phosphor was evaluated with a JEOL 6330 TF field emission SEM
operating at 5kV. The element compositions were detected with an energy disper-
sive spectrometer (EDS), which was equipped in the SEM system. Furthermore, the
crystalline phase was analyzed with a SIEMENS D5000 X-ray diffraction (XRD) sys-
tem with Cu Ka radiation (A =0.1541 nm) and recorded in the range of 260 =10-70°
withanincrementof 0.1°. For electroluminescence (EL) property measurements, the
voltage was applied using a Keithley 2410 programmable voltage-current source,
and the luminance and Commission Internationale de I'Eclairage (CIE) coordinates
were measured using the Minolta chroma meter CS-100A.

3. Results and discussion

Fig. 2 shows the XRD patterns of ZnS:Mn,Ce phosphors doped
with 0.9 mol% of MnO, and 0.9 mol% of CeF3 and sintered for 1h at
different temperatures. This figure shows that the dominant struc-
ture of ZnS:Mn,Ce was cubicat 800°C; C(1 1 1) was the main growth
plane. No peaks corresponding to manganese and cerium com-
pounds were observed, which demonstrates that the Mn and Ce
ions were dispersed in the ZnS matrix and formed a solid solution.
Co-existence of cubic and hexagonal ZnS:Mn,Ce occurred when the
sintering temperature was 900 °C. When the sintering temperature
increased, the ratio of hexagonal to cubic phases increased. The
cubic ZnS:Mn,Ce was almost completely converted into the hexag-
onal phase at 1200°C. The phase transition temperatures of the
ZnS:Mn,Ce and ZnS were the same; the crystallization was essen-
tially dependent on the sintering temperature. The XRD patterns
of the ZnS:Mn,Ce phosphor sintered using different time and dop-
ing concentrations at 1200 °C were similar to Fig. 2(e). The weight
ratio W /Wp of hexagonal ZnS (a-ZnS) to cubic ZnS (-ZnS), deter-
mined by calculating the intensity ratio of the H(100) to C(200)
diffraction peaks, can be expressed as follows [20]:
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Fig. 2. XRD patterns of ZnS:Mn,Ce phosphors doped with 0.9 mol% of Mn and
0.9 mol% of Ce and sintered at different temperatures for 1 h: (a) 800°C, (b) 900°C,
(c) 1000°C, (d) 1100°C, and (e) 1200°C.

The proportion of the a-ZnS phase in the ZnS:Mn,Ce phosphor
is
Wo

%o-ZnS = Wo s Wy 100%. (2)

Table 1 shows the proportion of the a-ZnS phase, the S/Zn
atomic ratio, and the full width at half maximum (FWHM) of the
a-ZnS (100) peak of the ZnS:Mn,Ce phosphor for different sin-
tering conditions as obtained from XRD and EDS measurements.
The proportion of the «-ZnS phase increased with increasing sin-
tering temperature; however, it did not depend on the doping
concentrations of Mn and Ce or on sintering time. The FWHM of
H(100) shows that the crystallization of ZnS:Mn,Ce was improved
by increasing the sintering temperature and time, but deteriorated
in response to increasing doping concentrations. The mean par-
ticle size of the ZnS:Mn,Ce phosphor was approximately 38.9 nm
when it was doped with 0.9 mol% of MnO, and 0.9 mol% of CeF;
and sintered at 1200°C for 1 h. The mean particle size was evalu-
ated using the Debye-Scherrer formula, D =0.9A/B cos 8, where D is
the particle size of phosphor, X is the wavelength of X-ray radiation
(0.154nm), B is the FWHM (radian) and @ is the diffraction angle.

Fig. 3(a) shows the PLE spectra for the ZnS and ZnS:Mn,Ce
phosphors, which were monitored at 568 nm, the emission peak
wavelength of the ZnS:Mn,Ce phosphor; the ZnS:Mn,Ce phosphor
was doped with 0.9 mol% of MnO, and 0.9 mol% of CeFs;. These
spectra show that an excitation energy at wavelength approxi-
mately 340 nm was absorbed. For ZnS, the intrinsic absorption is
at wavelength of 340 nm. However, when the monitored wave-
length was at 568 nm, the intrinsic absorption of ZnS was low. On
the contrary, the ZnS:Mn,Ce showed a relatively high absorption
at wavelength 340 nm. Apparently, for the ZnS:Mn,Ce phosphor,
the electrons in the ZnS host (bandgap =3.67 eV) and Ce sensitizer
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Table 1
Proportion of a-ZnS phase, S/Zn atomic ratio, and FWHM of the a-ZnS (100) peak of ZnS:Mn,Ce phosphor for different sintering conditions as obtained from XRD and EDS
measurements.
Property Sintering temperature (°C) Sintering time (h) Doping concentration (mol%)
800 900 1000 1100 1200 1 3 7 10 15 04 0.5 0.7 0.9 1.0
% o-ZnS 5.5 8.6 19.6 46.5 75.7 75.7 75.5 75.4 76.7 75.9 82.0 65.2 72.5 75.7 72.9
S/Zn 0.77 0.81 0.70 0.78 0.79 0.79 0.77 0.76 0.80 0.79 0.78 0.79 0.76 0.79 0.74
FWHM H(100) 0.23 0.23 0.22 0.21 0.21 0.21 0.21 0.22 0.19 0.20 0.20 0.20 0.21 0.21 0.22

absorbed the energy at wavelength 340 nm and underwent the
band-edge and 4f! — 5d! transitions, respectively. The absorption
of Ce3* at wavelength of about 340 nm was reported by Leskeld et
al. [21]. Furthermore, the PLE spectra monitored at 496 nm for the
ZnS and ZnS:Mn,Ce phosphors are shown in Fig. 3(b). Inasmuch as
the emission at wavelength of 496 nm was associated with sulfur
vacancies of ZnS, therefore, a strong PLE peak related to intrinsic
absorption of ZnS was observed. On the other hand, the absorption
peak at wavelength of 340 nm was not found for ZnS:Mn,Ce when
it was monitored at wavelength of 496 nm.

The PL spectra, for the ZnS:Mn,Ce phosphors doped with differ-
ent concentrations of MnO, and CeFs3 and sintered at 1200°C for
1h, are shown in Fig. 4(a), where MnO, and CeF3; were equal in
doping concentration. The PL emission peak was at approximately
568 nm; it is associated with electron transition in 4T;-6A; of Mn2*
[22]. When the doping concentrations of MnO, and CeF3 were less
than 0.9 mol%, the PL intensity was substantially enhanced with
increasing Mn2* concentration. However, when the doping concen-
trations of MnO, and CeF3 were more than 0.9 mol%, the emission
from the ZnS:Mn,Ce phosphor decreased due to the concentra-
tion quenching effect. Moreover, it is observed that the emission
peak was slightly red-shifted when increasing doping concentra-
tion. This was referred to the doping effect which introduces lattice
distortion and ligand field decrease in ZnS:Mn,Ce, subsequently
influencing the energy levels of Mn2*. The optimal PL intensity was
obtained when the ZnS phosphor was doped with 0.9 mol% of MnO-,
and 0.9 mol% of CeFs.

Fig. 4(b) shows the PL spectra of ZnS:Mn,Ce phosphors doped
with 0.9 mol% of MnO, and 0.9 mol% of CeF3 and sintered at tem-
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Fig. 3. PLE spectra for ZnS and ZnS:Mn,Ce phosphors monitored at wavelengths of
(a) 568 nm and (b) 496 nm.

peratures ranging from 800 to 1200 °C for 1 h. It was found that the
change of ZnS:Mn,Ce from sphalerite to wurtize structure resulted
in an enhancement in PL intensity and a blue-shifted emission;
meanwhile, the improved crystallization of phosphor with increas-
ing sintering temperature was another factor inducing variations in
PL properties. The optimal sintering temperature, for achieving the
maximum PL intensity of ZnS:Mn,Ce phosphor, was 1200 °C. How-
ever, PL spectra measurements showed that when the sintering
time increased, the luminescence intensity of the phosphors was
decreased by the increased particle size and the reduced emission
area of the phosphor.

Fig. 4(c) shows the PL spectra of ZnS, ZnS:Mn (doped with
0.9 mol% of Mn) and ZnS:Mn,Ce (codoped with 0.9 mol% of MnO,
and 0.9 mol% of CeF3) phosphors sintered at 1200 °C for 1 h. As we
know, the emission mechanisms of ZnS are related to surface/lattice
defects, native impurities, sulfur vacancies Vs, zinc vacancies Vz,
surface states and background impurity centers like Cuz, [23]. Here,
Vs and Vz, act as electron and hole traps, respectively. In this
figure, the luminescence peak at 496 nm for ZnS was related to
electron transfer from the Vs donor level to the background impu-
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Fig. 4. PL spectra of ZnS:Mn,Ce phosphors (a) doped with different concentrations
of MnO; and CeF; and sintered at 1200°C for 1 h, (b) doped with 0.9 mol% of Mn and
Ce and sintered at temperatures ranging from 800 to 1200°C for 1 h, and (c) of ZnS,
ZnS:Mn and ZnS:Mn,Ce (0.9 mol%) phosphors sintered at 1200 °C for 1 h.
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rity centers. When Mn2* ions are substituted for some Zn2* ions
in a ZnS crystal, the 4G of the first excited state of Mn2* in tetra-
hedral symmetry, T4, is split. Thus the yellow PL peak at about
568 nm was associated with the 4T;-6A; transition of the Mn2*
ion in the ZnS tetrahedral lattice. Comparing the PL intensity of
ZnS with ZnS:Mn phosphor, an improved luminescence intensity
in the ZnS:Mn phosphor was measured due to the enhanced energy
transfer from the ZnS host to the Mn activator. Furthermore, it was
observed that the luminance intensity of the ZnS:Mn,Ce was higher
than that of the ZnS:Mn phosphor due to the presence of the Ce3*
ions. Since the Mn?* d-d transition is forbidden and difficult to
pump, the emission of Mn2* ions was indirectly excited by energy
transfer from the ZnS host and the Ce3* sensitizer; this is illustrated
by Fig. 3(a), the PLE property of the ZnS:Mn,Ce phosphor. Because of
the crystal-field disturbance, the effect of other ions around on the
electronic structure of Mn2* ions somewhat relieves the transition
restriction. The intensified ZnS:Mn,Ce emission strongly supports
ongoing energy transfer from the Ce3* sensitizer to the Mn2* acti-
vator. The energy is transferred from the >D level of the Ce3* ion to
the 4G level of the Mn2* ion by a process of resonance transfer via a
spin exchange mechanism. Caldifio G reported that spectral overlap
between 5d! — 4f! Ce3* emission and 6A; — 4T, MnZ* absorption
was measured [24,25]. McKeever et al. also reported that efficient
pumping of the Mn2* ion in CaF, can be achieved using the Ce3*
ion as sensitizer, and energy transfer mechanism took place in the
Ce3*-Mn?2* complex by using Dexter’s theory [26]. In Fig. 4(c), the
peak wavelength of PL spectrum of the ZnS:Mn was not changed
by Ce doping, which reveals that Ce doping would not influence
the multiplet energies of Mn2*. Additionally, it is found that the
emission of Ce3* at wavelengths 450-600 nm for the ZnS:Mn,Ce
phosphor was not observed, even though it was excited at wave-
lengths of 340 and 325nm. Nevertheless, the emission of Ce3*,
excited at wavelength 340 nm, was observed from ZnS:Ce phos-
phor, as shown in Fig. 5. This emission spectrum can actually be
fitted onto two Gaussian components by deconvolution. The emis-
sion peaks located at 496 and 545 nm were corresponded to Vs and
Ce3* emissions, respectively. Accordingly, it is expected that for the
ZnS:Mn,Ce phosphor the absorption energy of Ce3* was transferred
to Mn?*, as a result, an enhanced emission was measured.

In order to evaluate the luminance efficiency of the ZnS:Mn,Ce
phosphor, an EL device with a structure of ITO/ZnS:Mn,Ce
(10 wm)/BaTiO3 (6 wm)/Ag was fabricated. The films were pre-
pared by screen-printing, and the active area of the device
was 5x10-2cm?2. Fig. 6(a) shows the current-voltage and
luminance-voltage curves of the device. The current and luminance
of the device increased with applied voltage. The optimal lumi-
nance of 7.5 cd/m? was obtained at an applied voltage of 300V and
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Fig. 5. PL spectrum of ZnS:Ce phosphor excited at wavelength of 340 nm. The Gaus-
sian fit is shown as well.
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Fig. 6. (a) Current-voltage and luminance-voltage curves of the EL device, and (b)
CIE coordinates of the device; the inset is the EL emission image.

a current of 0.1 mA. Artlessness in the fabrication of the EL device
was one of the causes of the low luminance efficiency. The CIE coor-
dinates of the EL emission of the device were x =0.48 and y = 0.49, as
shown in Fig. 6(b); the EL emission image is displayed in the inset
(applied voltage =300V).

4. Conclusions

An enhanced luminance of yellow ZnS:Mn,Ce phosphor was
achieved via energy transfer mechanism and prepared by solid-
state reaction. No XRD peaks corresponding to manganese and
cerium compounds were observed, which demonstrates that the
doped Mn and Ce ions were dissolved in the ZnS matrix. The
crystallization of ZnS:Mn,Ce principally depended on the sintering
temperature. The proportion of the a-ZnS phase was increased with
increasing sintering temperature, which subsequently influenced
the PL properties of the ZnS:Mn,Ce phosphor. PLE analyses revealed
that emission from ZnS:Mn,Ce phosphor was induced by indirect
excitation from the ZnS host and the Ce sensitizer, therefore an
enhanced PL intensity was measured. However, the emission peak
of the ZnS:Mn,Ce phosphor was shifted by increasing doping con-
centration and sintering temperature.
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