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Abstract

ZnS:Sm phosphors with strong red emission can be prepared by solid state reaction ®red in a reductive atmosphere. Using LiCl
as the ¯uxing agent favors the crystal growth of ZnS as well as increasing the content of the hexagonal phase in ZnS. The higher

content of the hexagonal phase and evenly-distributed samarium compound on ZnS can induce greater light energy absorption and
result in better photoluminescence emission intensity and color purity. The red emission intensity of ZnS:Sm phosphors is increased
about 5 times with the addition of LiCl ¯ux agent compared with the addition of Sm alone without any ¯ux agent. The optimal

concentration of LiCl ¯ux is 2.0 mol% for ZnS with doping 0.2 mol% Sm phosphors ®red in a reductive atmosphere. # 2000
Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Phosphors ®nd wide application in technology, such
as in a ¯uorescent tube, cathode ray tube, picture tube,
display, and coating materials. Currently, the available
and commercial phosphors for blue or green light are
made from ZnS as a host. However, for red emission,
expensive Y2O2S phosphors play an important role [1,2].
Group II±VI compounds can emit sharp lines in the

spectra and become more e�cient when doped with
minor rare-earth elements as activators [3]. Through Sm
doping, ZnS under ultraviolet light excitation has
exhibited three sharp light peaks attributed to the intra-
4f transitions from the 4G5/2 level to the 6H5/2,

6H7/2 and
6H9/2 (red light) levels, respectively [4].
A current successful method for preparing ZnS:Sm as

red phosphors is achieved mostly by MOCVD [4,5].
Previous study indicates the red light of ZnS phosphor
can be prepared by solid state reaction, through doping
0.2 mol% Sm without ¯ux ®red in a reductive atmo-
sphere at 1050�C [6]. Nevertheless, the intensity of red

light emission is too low for commercial application.
The larger ionic radius of Sm than that of Zn and the
valence mismatch of Sm ion (trivalent) and Zn ion
(divalent) make it di�cult for the substitution of Sm
into a Zn site in ZnS compound. The ¯ux agent LiCl
can promote growth of the CaS phosphors grain [7] and
aids in the transfer of the electrons of the host lattice to
Sm+3 B.E., thus increasing the emission spectra inten-
sity [8±11]. This study attempts by adding NaCl or LiCl
to ZnS:Sm as ¯ux agent to enhance the red Sm char-
acteristic emission and not to deteriorate the color purity.
The e�ect of the concentration of ¯ux agent on the
photoluminescence of ZnS:Sm ®red in a reductive
atmosphere will also be investigated through analysis of
the morphology and crystal structure of the phosphors.

2. Experimental

Starting powders of high purity, ZnS (>99.99%),
activator Sm(NO3)3 (>99.9%) and ¯uxes LiCl
(>99.5%) or NaCl (>99.5%) were weighed on an
analytical balance to an accuracy of �0.1 mg and then
mixed with distilled water. The mixed slurry was dried
in a hot-water bath. The powder loaded in a platinum
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crucible was ®red at 1050�C for 1 h in a reductive
atmosphere. After air-cooling to room temperature, the
photoluminescence emission and excitation spectra
were obtained using a Shimadzu RF-5301 spectro-
¯uorophotometer. The excitation spectra can be
obtained with scanning wavelength from 250 to 400 nm
monitored at 650 nm. The emission wavelength was
scanned from 400 to 700 nm, excited at 343 nm. Phases
present in the phosphors were characterized by X-ray
di�raction (XRD) using Rigaku-IIB X-ray dif-
fractometer with CuKa radiation at 40 kV, 15 mA and
4�(2y)/min scanning rate. Observation of morphology
and semi-quantitative composition determinations of the
phosphor powders is carried out by scanning electron
microscopy (SEM), using Hitachi S4100 model, equip-
ped with energy dispersive (EDS) analysis.

3. Results and discussion

3.1. E�ect of di�erent ¯uxes on luminescence
characteristics

As shown in Fig. 1, ZnS with 0.20mol% Sm+3 ion
doping prepared from solid state reaction at 1050�C in a
reductive atmosphere exhibits weak red emission and
negligible S.A. luminescence, as in a previous report [6].
While adding NaCl as ¯ux, the Sm characteristic emis-
sion is suppressed and the host luminescence (blue

light), associated with a Sm-Vzn-Cl mechanism [2],
enhanced. That implies that the NaCl ¯ux cannot
facilitate the transfer of the transition from S.A. to Sm
characteristic emission, regardless of ®ring in the reduc-
tive atmosphere or not.
Owing to its small radius, the Li+ ion can readily

enter the ZnS lattices interstitially and in¯uence the
transfer of Sm+3 B.E. (bound exciton). The transfer can
aid the displacement of the electrons in Sm+3 within the
ZnS lattices, thus lowering the luminescence intensity of
the host and improving the emission intensity of the Sm
characteristic spectra. As shown in Fig. 1, the red emis-
sion intensity of ZnS:Sm phosphors is increased about 5
times with the addition of a LiCl ¯ux agent compared
with the addition of Sm alone without any ¯ux agent. It
can thus be appreciated that lithium has the e�ect of
aiding electron transfer. The emission intensity is less
when LiCl+NaCl are added than when LiCl is added
alone, indicating that LiCl has the e�ect of enhancing
the generation of the Sm characteristic spectra, whereas
NaCl has the e�ect of inhibiting the generation of the
Sm characteristic spectra. Although the existence of Cl
ion in ZnS may increase intensity of luminescence
[2,4,5], it seemingly plays a minor role in increasing the
Sm characteristic emission.

3.2. E�ect of various concentrations of LiCl ¯uxes on
luminescence characteristics

The e�ects of LiCl concentration on the photo-
luminescence spectra are shown in Fig. 2. As opposed to
the NaCl ¯ux addition, the LiCl ¯ux addition can fully
suppress S.A. luminescence and induce the Sm char-
acteristic emission. When the LiCl concentration is low,
the intensity of the Sm characteristic emission increases
as the LiCl concentration increases. Upon reaching 2.0
mol% LiCl concentration, the optimum emission e�ect
can be obtained. However, when the LiCl concentration
is further increased, the intensity of the characteristic
emission drops.

3.3. The crystal structure of phosphors

Fig. 3 shows the e�ect of various amount of LiCl ¯ux
addition in ZnS with 0.2 mol% Sm+3 doping on the
X-ray di�raction patterns. The host lattice of ZnS:Sm
phosphors mainly consists of hexagonal phase (a) and
cubic phase (b). The appearance of the peak at 26.5�

(2y), associated with the (100) and/or (002) di�raction
peaks of Sm2O2S hexagonal phase, indicates that
Sm2O2S phase appears. The appearance of the peak at
52.3� (2y), associated with the (103) di�raction peaks of
Sm2O3 hexagonal phase, indicates that Sm2O3 hex-
agonal phase appears.
The weight ratio (M�=M�) of a to b can be obtained

from the intensity ratio of the (100)a to (200)b [12].

Fig. 1. The e�ect of ¯ux on emission spectra of ZnS:Sm (0.20 mol%)

phosphors with and without ¯ux phosphors (S.A.: self-activator;

Sm.A.: Sm-activator).
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The content of hexagonal phase can be calculated and
is illustrated in Table 1. According to previous study,
the hexagonal phase of ZnS can raise the excitation
energy and result in the increase of the PL intensity [6].
In contrast to the maximum value of 75% hexagonal
phase in previous report, the introduction of LiCl ¯ux
can further enhance the content of the hexagonal phase
to 75% and above, while the second phase consists of
the Sm2O2S hexagonal phase and Sm2O3 hexagonal
phase. All three hexagonal phases favor the Sm char-
acteristic emission. For low concentration (below 2
mol%) of LiCl addition, as shown in Fig. 4, the increase
of hexagonal phase due to the increase in LiCl can
enhance the intensity of the Sm characteristic emission,
as predicted. However, for high LiCl concentration, the
Sm characteristic emission intensity reduce substantially
compared to the decrease in the content of the hex-
agonal phase. That implies that the content of the hex-
agonal phase is not the only factor to a�ect the emission
intensity.
Morphologies of ZnS:Sm ®red with various amounts

of LiCl ¯ux are shown in Fig. 5. Obviously, the particle
size increases with the increase in the content of LiCl

Fig. 3. X-ray di�raction pattern of ZnS:Sm (0.2 mol%) phosphors in

1.0±10.0 mol% LiCl.

Fig. 4. E�ect of the concentration of LiCl on the content of hexagonal

phase and red Sm characteristic emission intensity of ZnS:Sm (0.2

mol%).

Fig. 2. E�ect of LiCl ¯ux concentration (1.0±10.0 mol%) on emission

spectra of ZnS:Sm (0.2 mol%) phosphors.

Table 1

The relationships between luminescnce spectra and phase composition

for ZnS:Sm (0.2 mol%) with various concentration of LiCl

LiCl

(mol%)

Luminescence

spectra

X-ray spectra

S.A. Sm A. Hex. (%) Sm2O2S H-Sm2O3 M-Sm2O3

1.0 Absent Strong 84 Strong Absent Absent

2.0 Absent Very strong 89 Strong Absent Absent

4.0 Absent Strong 86 Strong Weak Weak

6.0 Absent Weak 75 Strong Absent Absent

10.0 Absent Very weak 83 Strong Absent Absent

T.-P. Tang et al. / Ceramics International 26 (2000) 341±346 343



¯ux, as predicted [7]. The protrusions attached on ZnS
particles were con®rmed as samarium compound in
previous report [6]. For ZnS:Sm with low concentration
of LiCl ¯ux, the small protrusion are uniformly
attached on ZnS particles, as indicated by Sm mapping
in Fig. 6(b). As the concentration of LiCl increases, the
protrusions on ZnS become larger and sparse. That will
result in uneven distribution of Sm, as shown in Fig. 6(d).

In contrast to the evenly-distributed Sm of ZnS:Sm
with 2 mol% LiCl ¯ux, the local accumulation of Sm
for the ZnS:Sm phosphors with 10 mol% LiCl ¯ux may
be another factor to reduce the Sm characteristic emis-
sion. That is, in addition to the reduction of hexagonal
content, the local accumulation of Sm may further
reduce the Sm characteristic emission due to the inter-
ference between the Sm+3 B.E. luminescent centers.

Fig. 5. Morphologies of ZnS:Sm phosphors with various amount of LiCl ¯ux: (a) 1.0 mol%; (b) 2.0 mol%; (c) 4.0 mol%; (d) 6.0 mol%; (e) 10.0

mol%.
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4. Conclusions

1. LiCl can enhance the generation of the Sm char-
acteristic spectra, whereas NaCl has the e�ect of
inhibiting the generation of the Sm characteristic
spectra. The addition of LiCl ¯ux agent favors
electron transfer from the host to the Sm+3 B.E.
luminescent center, thus enhancing the intensity of
the main characteristic peaks. When the LiCl con-
centration is further increased, the intensity of the
characteristic emission decreases. This might be
related to the Sm compound being melted by LiCl,
coagulating and then being unable to disperse
uniformly by itself. The optimal concentration of
LiCl ¯ux is 2.0 mol%.

2. Only ®red in a reductive atmosphere, the red Sm
characteristic emission can be obtained for
ZnS:Sm phosphors with or without the addition of
LiCl ¯ux.

3. The higher content of hexagonal phase and evenly-
distributed Sm compound seem to be requisites for
ZnS:Sm phosphors to emit strong red photo-
luminescence.
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