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Abstract. Nanocrystalline ZnS:Pb2+ phosphor was synthesized by microwave-assisted co-precipitation method. The
phase purity and surface morphology of prepared material were investigated using an X-ray diffractometer (XRD) and
a scanning electron microscope. The photoluminescence property was studied by near-UV (nUV) excitation. The XRD
pattern of prepared phosphor matches well with that of an ICDD (International Center for Diffraction Data) file. Surface
morphology of prepared phosphor was found to be in submicron range. As-prepared ZnS:Pb2+ phosphor shows a green
emission under nUV excitation. As Pb2+ ions are located on a regular Zn2+ site they produce a green emission band in
the range of 400–650 nm, centred at 500 nm, under excitation wavelength of 357 nm, exhibiting luminescence properties
typically observed for Pb2+. Effect of concentration of Pb2+ ions on emission intensity was studied. The colour co-ordinates
of prepared phosphor were calculated and found to lie in the green region of Commission Internationale de l’Eclairage
diagram.
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1. Introduction

ZnS exhibits direct bandgaps of 3.83 eV for the cubic zinc-
blende (ZB) phase and 3.91 eV for the hexagonal wurtzite
(WZ) phase [1]. Although much research has been devoted to
the photoluminescence (PL) properties of 1D ZnS nanostruc-
tures, very few studies have reported possible UV bandgap
emission at room temperature. This is mainly due to high sen-
sitivity of the 1D ZnS nanostructure optical properties to the
synthesis conditions, its crystal size and shape, and intrinsic
defects such as vacancies and interstitials.
The emission wavelength strongly depends on the synthe-

sis conditions, suggesting the presence of multiple optically
active centres [2,3]. In the middle of 1980s it became clear
that rare-earth doping of ZnS would not lead to sufficiently
bright PL materials. As a result, several new activator–host
combinations were tested and found to yield bright emission,
CaS:Ce (green) [4], SrS:Ce (blue-green) [5], CaS:Eu (red)
[6] and SrS:Eu (orange) [7] being the most successful
combination.
Nanometre-sized semiconductor particles are currently

investigated in many laboratories over the world. Due to spa-
tial confinement of electrons and holes, the chemical and
physical properties of these particles strongly differ from
those of the bulk solids (size quantization effect) [8–11].
They form a totally new group of materials with poten-
tially valuable applications [9]. Nanocrystals doped with

optically active luminescence centres create new opportuni-
ties for luminescence study and applications of nanometre
scale materials [12,13]. ZnS is the most typical and impor-
tant crystalline phosphor both for application and basic
science [14].
Doped ZnS nanocrystals have changed properties; espe-

cially, ZnS nanoparticles activated by the transition metallic
ions form a new group of luminescent materials. Sulphide
phosphors could be the phosphors in future for colour con-
version in white LEDs. Here we present PL characteristics
of ZnS nanoparticles doped with Pb2+. New luminescence
characteristics like strong and stable broadband emission cov-
ering entire spectrum of visible light have been observed in
ZnS:Pb2+.

2. Experimental

2.1 Sample preparation

Pb2+ (0.001, 0.003, 0.005, 0.01 and 0.02 mol)-doped zinc
sulphide nanophosphors have been prepared by microwave-
assisted co-precipitation method. All ingredients used were
of AR grade. ZnS:Pb2+ was first synthesized through the
co-precipitation method by the reaction of freshly prepared
solution of Zn(NO3)2 · 6H2O and Pb(NO3)2 in stoichiomet-
ric amount with dropwise addition of freshly prepared and
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filtered greenish solution of sodium sulphide (Na2S · 9H2O)
[15].
The precipitate was washed repeatedly by double-distilled

water and then dried slowly at 40◦C. The dried precipitate was
then heated in a slightly reducing atmosphere in the presence
of charcoal in a closed crucible (in order to avoid formation
of sulphate) at 700◦C for 4 h in a microwave furnace and
then allowed to cool very slowly to room temperature. Thus,
greenish yellow colour fine powder of ZnS:Pb2+ phosphor
was obtained.

2.2 Instruments

A microwave muffle furnace of CEM corporation, Phoenix
Standard Unit (a high-capacitymodel, maximum temperature
1000◦C), working at nominal line voltage of 220–240 VAC,
50 Hz, 10 A and magnetron frequency 2455MHz with power
output of 1350 W (±50 W) was used for heating the sam-
ples during the synthesis process. The phase purity of the
prepared phosphors was investigated using a Rikagu Meni-
flex II X-ray diffractometer (XRD) with Cu K α radiation
(λ = 1.54060 Å) at 40 kV and 30 mA. The XRD pattern
was recorded in the range of 10◦ ≤ 2θ ≤ 70◦. PL measure-
ment at room temperature was performed on aHitachi F-7000
spectrofluorimeter equippedwith a 450-WXenon lamp, in the
range of 200–700 nm,with spectral width of 2.5 nm, and spec-
tra were corrected using Rhodamine B standard following
the procedure prescribed by Hitachi. Effect of dopant con-
centration on emission intensity of prepared phosphor was
studied and chromaticity coordinates for optimum concentra-
tion were also calculated. Surface morphology and elemental
composition of phosphors were studied by scanning electron
microscopy (SEM) using a JEOL’s model JSM-6360A fitted
with EDS facility.

3. Results and discussion

3.1 XRD analysis

XRD pattern of the synthesized ZnS:Pb2+ phosphor is shown
in figure 1. The peak positions in the diffraction pattern of
the synthesized material when compared to the standard data
available with International Center for Diffraction Data were
found tomatchwith those of ICDDfile 01-072-4841, confirm-
ing the formation of the material. The crystallographic data
are given in table 1. No additional peaks corresponding to
any impurity phase were reported in the XRD pattern, show-
ing that the dopant has a good solubility in the host matrix
for this range of concentration. The average crystalline size
of this prepared phosphor was found to be 45.36 nm when
estimated from XRD information using the Debye–Scherrer
formula [16]

D = Kλ

β cos θ
,

Figure 1. XRD pattern of prepared ZnS:Pb phosphor with ICDD
file.

Table 1. The crystallographic data of ZnS:Pb2+ phosphor.

Chemical formula ZnS:Pb2+

Crystal structure Cubic
Space group F-43m (216)
a (Å) 5.3829
b (Å) 5.3829
c (Å) 5.3829
α (◦) 90.000
β (◦) 90.000
γ (◦) 90.000
V (Å3) 155.973
Z 4

where θ is the Bragg angle of diffraction lines, K is a shape
factor taken as 0.90, λ is wavelength of incident X-rays (λ =
0.154 nm) and β is full-width at half-maximum (FWHM in
radians).

3.2 Surface morphology study of as-synthesized phosphor

The morphological structures of the prepared ZnS:Pb2+
phosphor characterized by SEM are shown in figure 2.
Though exact dimensions are difficult to measure, the par-
ticles can be approximately considered, from the resolution
scale, as micro–nanostructures (submicron), i.e., mix-up of
nanoparticles 200–400 nm (0.2–0.4 μm) in diameter (fig-
ure 2a) and nanorods of diameter 300–500 nm (0.3–0.5 μm)
and 0.5–1 μm length (figure 2b). The SEM images also
reveal that some of the crystals of prepared phosphor are
almost similar to nanoawls, i.e., nanorods with needle-
shaped tips, having tips of length 1–5 μm, as shown in
figure 2c.

The EDS pattern of prepared phosphor shown in figure 3
contains prominent peaks of Zn and S along with small
peaks of Pt, as platinum was used during sample prepara-
tion for SEM. From the EDS pattern, it was observed that
Zn and S are not in appropriate proportion of elemental
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Figure 2. SEM images of as-synthesized ZnS:Pb2+ phosphor.

Figure 3. EDS pattern of prepared ZnS nanophosphor doped with Pb2+ ions along with Sphalerite-unit-cell-3D-ball
model of ZnS host.

composition; instead, sulphur deficiency is indicated, as
reported in other papers [17]. In the ZnS lattice, the Pb2+
cation has an oxidation state of +2 and on doping it is located
on a tetrahedral site with replacement of Zn2+ (purple balls),
where it is coordinated by four S2− anions (yellow balls) as
shown in figure 3.

3.3 PL study of synthesized phosphor ZnS:Pb2+

A combined excitation and emission spectrum of ZnS:Pb2+
studied at room temperature is shown in figure 4a. The exci-
tation monitored at 500 nm shows broad excitation band with
the highest intensity peak at 280 nmalongwith a broad andflat
region with a maximum at 357 nm. Some low-intensity peaks
as compared with these were also observed on smaller wave-
lengths side, indicating direct transition from valence band to
conduction band associated with the peculiar nanostructure
of the host ZnS lattice (figure 4b).
The curve representing emission spectrum of the synthe-

sized ZnS:Pb2+ phosphor monitored at 357 nm shows a broad
emission band in thewavelength range 400–650 nm (covering

almost the entire visible spectrum) centred at 500 nm exhibit-
ing green emission with FWHM of around 100 nm having
a slight shouldering at 475 nm (figure 4a). The stable and
wide green emission band centred at 500 nm is attributed
to a characteristic transition between Pb2+ levels and the
slight shouldering at 475 nm, blue–green emission, could
be ascribed to the transitions involving self-activated centres,
vacancy states or interstitial states associatedwith the peculiar
nanostructure (figure 4b).

3.4 Effect of Pb2+ concentration on emission intensity of
ZnS:Pb2+ phosphor

Emission spectra for different concentrations of Pb2+ ions are
shown in figure 5.When the molar concentration of Pb2+ ions
was increased from 0.1 to 2% it was observed that 1 mol%
concentration was the optimum for the prepared phosphor,
showing the maximum emission intensity. Thereafter, emis-
sion intensity decreased due to the well-known phenomenon
of concentration quenching [18].
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Figure 4. (a) Excitation and emission spectra of ZnS:Pb2+ phosphor and (b) energy band structure in Pb2+ ions.
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Figure 5. Emission spectra of ZnS:Pb2+ phosphor doped with
ions at different concentrations.

3.5 Study of colour chromaticity

The chromaticity diagram established by the Commission
Internationale de l’Eclairage (CIE) in 1931 is a two-dimens-
ional graphical representation of any colour perceivable by the
human eye on an x–y plot, in which colours are represented
by means of colour coordinates. To confirm the chromatic-
ity in the present case, the colour coordinates of phosphors
ZnS:Pb2+ (Pb = 0.01 mol) have been calculated from their
corresponding emission spectra. Calculated colour coordi-
nates (x = 0.192, y = 0.371) fall in the blue–green boundary
region ofCIE diagramand it is closer to green than blue colour
as shown in figure 6.

Figure 6. CIE colour coordinates of ZnS:Pb2+ phosphor.

4. Conclusions

Pb2+-doped ZnS nanocrystalline phosphor was successfully
synthesized by microwave-assisted co-precipitation method.
The crystal structure and phase purity of prepared phos-
phor was confirmed with XRD analysis. Broadening of peaks
in XRD pattern and particle size calculated by the Debye–
Scherrer formula signify that the prepared phosphor is in
nanometre range. Also from surface morphology it was
observed that the prepared phosphor is in submicron range.
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The emission spectra of Pb2+-doped ZnS demonstrate sta-
ble broad-band green emission centred at 500 nm for nUV
excitation of 357 nm. From the afore-mentioned discussion,
ZnS:Pb2+ phosphor can be used as a green component of
nUV-excitedRGB tricolour LED for production ofwhite light
in solid-state lighting application.
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