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Abstract Mn-doped ZnS nanoparticles, having average
diameter 3-5 nm, have been synthesized using chemical
precipitation technique without using any external capping
agent. Zinc blende crystal structure has been confirmed
using the X-ray diffraction studies. The effect of various
concentrations of Mn doping on the photoluminescent
properties of ZnS nanoparticles has been studied. The time-
resolved photoluminescence spectra of the ZnS:Mn quan-
tum dots have been recorded and various parameters like
lifetimes, trap depths, and decay constant have been cal-
culated from the decay curves at room temperature. The
band gap was calculated using UV-Visible absorption
spectra.

Introduction

In recent years, research involving Mn-doped nanocrys-
talline ZnS (ZnS:Mn) has grown extensively, mainly due to
the high quantum luminescence efficiencies that have been
reported [1, 2]. ZnS is an important and one among the
oldest member of the family of wide-gap (3.66 eV, at room
temperature) semiconductors and probably the most
important material used as phosphor host [3]. Due to
unique optical properties and potential applications, doped
semiconductor nanocrystals have attracted extensive
research interests [4]. This II-VI compound semiconduc-
tors have been studied for a variety of applications such as
optical coatings, photoconductors, optic modulators,
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electro-optic modulators, flat panel displays, electrolumi-
nescent devices, sensors, and lasers, and also have been
applied in photocatalyst, infrared windows, pigments, and
nonlinear optical devices [5, 6]. Numerous researchers
have investigated the structural and luminescent properties
of doped phosphor nanoparticles, especially Mn>"-doped
ZnS nanocrystals, as ZnS can be doped with Mn very easily
[7]. This doping causes a visible orange luminescence at
about 585 nm. It is well known that ZnS doped with Mn
exhibits attractive light-emitting properties with increased
optically active sites for applications as efficient phosphors
[8]. These nanomaterials behave differently from bulk
semiconductors as they are influenced by various surface
states arising due to quantum confinement effect and large
surface-to-volume ratio. ZnS nanoparticles have been
mostly synthesized with methods like inverse micelle [9],
zeolite [10], or vapor-phase condensation method [11], but
have certain problems such as low powder collection and
complex processing procedures. Chemical precipitation
method is better than other techniques for producing effi-
ciently luminescent nanophosphors in terms of process
simplicity, effectiveness of doping, higher yield and has a
very simple procedure with low-cost apparatus [12].

The increase in particle size increases surface energy
resulting in agglomeration of the particles. To control the
size of the semiconductor nanoparticles, numerous
researchers have used the capping agent [12]. But if sur-
factant or capping agent is used to confine particles, then it
becomes difficult to completely washout the surfactant
molecules from the surface of the nanoparticles, so unin-
tentional defect layers could be introduced in the product,
and, therefore it is always desirable to develop technique to
synthesize nanoparticles without any capping agent. In the
present work, Mn”"-doped ZnS nanoparticles have been
synthesized by the chemical precipitation method in an
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aqueous media at room temperature without using any
external capping agent. The nanoparticles, thus obtained,
were studied for their optical absorption, energy- and time-
resolved photoluminescence, in an attempt, to see the effect
of Mn*" doping in ZnS.

Experimental

For the synthesis of ZnS:Mn nanoparticles, 0.5 M zinc
acetate (aqueous media) solution was mixed with varying
concentrations (0-15 at.%) of manganese acetate solution
with constant magnetic stirring. Then 0.5 M Na,S solution
was added to the mixture and a colloidal suspension was
obtained immediately after adding Na,S solution. These
analytic grade chemicals have been purchased from sd-fine
Chemicals, India. The solution was centrifuged and the
precipitates were filtered and washed several times using
distilled water. Then the product was dried in vacuum oven
at a temperature of about 60 °C. The dried flakes were
crushed in a pestle-mortar till a very fine powder was
obtained. This powder was collected in airtight containers
and was used for all measurements.

Characterizations

The undoped and doped ZnS nanoparticles were character-
ized using D/max Rint 2000 Rigaku (Tokyo) X-ray
diffraction machine using copper characteristic wavelength
of 1.54 A (Hitachi; S-2300). Microstructure and crystal
structures of the products were further studied through a
high-resolution transmission electron microscope (HRTEM;
JEOL 2010). For TEM study a colloidal suspension of
nanoparticles in ethanol was prepared by ultrasonic treat-
ment and then deposited on carbon-coated copper grid. The
surface chemistry of the samples was analyzed with Fourier
Transform Infrared Spectroscopy (FTIR). The samples were
mixed with anhydrous KBr and pressed into a pellet
for FTIR. FTIR was performed with a Perkin Elmer
spectrometer Spectrum RX-I (at a resolution of 2 cm™).
Photoluminescence (PL) measurements were carried out at
room temperature with a luminescence spectrometer (Hit-
achi, FL. 2500) using 325 nm as the excitation optical
absorbance was recorded by a spectrophotometer (Hitachi;
U-3410). The luminescent time decay set-up consisted of a
pulsed laser, a photosensor set-up, and a digital oscilloscope
interfaced with a computer. A high peak power (10 kW),
pulsed (<10 ns) N,-Laser (337.1 nm), was used as an exci-
tation source. The angle between excitation and detection
paths was 90° and the optical filter was used to remove the
scattered light. The resulting photoluminescence was
detected using a photomultiplier (RCA 8053 PMT) and a
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digital storage oscilloscope (Tektronix TDS 1012) moni-
tored the photoluminescence decay. The data was then stored
in the computer for further analysis. Time-resolved photo-
luminescence spectroscopy was carried out for lifetime, trap
depth, and decay constant measurements. UV-Visible
absorption spectra were recorded by dispersing the
nanoparticles in spectroscopic grade ethanol, using a spec-
trophotometer (Hitachi U 3410).

Results and discussion

Figure 1 shows the X-ray diffraction (XRD) patterns for
ZnS nanocrystallites, which indicate that all the samples
are of zinc blende (cubic) structure. Diffraction peaks from
(111), (220), and (311) planes have only appeared in XRD
patterns and all other high-angle peaks have submerged in
the background due to the large line broadening, which is
attributed to nanosize of the particles. The average size of
the nanoparticles was estimated from the line broadening
of the XRD peaks using the Scherrer’s equation [13]

0.894
_ 1
P cos b (1)

where d is the average diameter of the nanoparticles, 4 is
the wavelength of CuKua (1.541 10\) radiation, f§ (in radians)
is the full width at half maximum (FWHM), and 0y is the
Bragg angle. The average particle size, calculated using
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Fig. 1 XRD pattern of Mn>"-doped ZnS nanoparticles (average
particle size ~2 nm calculated from peak broadening)
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Zn(CH3C00),« Zn** + 2CH;CO0 ™~ (2)
Zn*" 4+ Na,S < ZnS +2Na ™ (3)

Fig. 2 (a) The transmission electron micrograph (TEM) of ZnS:Mn
(5%) nanoparticles; (b) The high-resolution TEM and the inset shows
the selected area diffraction pattern (SAED)

above formula, was found to be ~2.62 nm. No passivating
agent has been used in the fabrication of the nanoparticles
but still no apparent difference was observed in the XRD
peak shape and broadening of ZnS nanoparticles even after
two weeks of the fabrication. This suggests that no
agglomeration of the particles has taken place.

Figure 2a shows the transmission electron micrograph
(TEM) of ZnS:Mn (5%) nanoparticles. The diameters of
most of these particles lie in the range of 3—5 nm. This can
also be seen from the high-resolution transmission electron
micrograph (HRTEM) in Fig. 2b. These results are nearly
in accordance with those of the X-ray diffraction analysis.
The selected area diffraction pattern presented in the inset
of Fig. 2b shows crystallinity of the fabricated nanoparti-
cles. The dominant diffraction patterns in the micrograph
are indexed as (111), (220), and (311) planes of the cubical
ZnS. Chemical precipitation is widely used for the prepa-
ration of colloidal nanoparticles. In the method described
above, we used the following exchange/replacement
reactions:

Zn*" ions were reacted with a sulphide (Sz_) source, 1.e.,
Na,S. ZnS forms instantaneously at a certain pH value. The
equilibrium of Eq. 2 lies far on the right side because of the
high solvation energy in water. The driving force for the
reaction (3) is the formation of strong ZnS bonds. The ZnS
particles nucleate by consuming more Zn>" and S*~ ions
from the solution, which can be explained on the basis of
Ostwald ripening [14]. Due to high surface energy of the
particles, acetate (Ac™) and sulphur (Sz_) anions accu-
mulate around the ZnS particles, thereby attracting the
Zn?*, Na*t, and Mn?* cations. Zn®>" and Mn?* react with
S*~ get incorporated into the crystal lattice whereas Na™
ions accumulate to form the stern layer over ZnS nano-
particles, attracting Ac™ ions to form a diffuse layer over it.
In this way, the particle growth is completely stopped [15].

Figure 3 shows the FTIR spectra of the synthesized
nanoparticles, confirming the interaction of acetate anions
derived from the starting zinc acetate, with the ZnS
nanoparticles. The bands at 1404 cm™' and 1558 cm ™' can
be assigned to the symmetric and asymmetric stretching of
COO™, respectively [16]. The broad band at 3366 cm ™" is
due to O-H stretching and band at 929 cm ™' is due to O-H
out of plane bending whereas the band having moderate
intensity at 1339 cm™ "', may be due to the in-plane C—O-H
bending [17]. A strong intensity band at 1019 cm ™" may be
due to S-O-C stretching. The stretching vibrations
assigned to the C-S linkage occur in the region of 700—
600 cm™~' and the weak S-S stretching vibration falls
between 500 and 400 cm™'. Thus, the acetate ions are
acting as inbuilt surfactants to control the size of the ZnS
nanoparticles.
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Fig. 3 FTIR spectra of ZnS nanoparticles having a layer of acetate

ions adhered to its surface
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Fig. 4 Room-temperature PL spectra of the ZnS:Mn nanoparticles

Room-temperature photoluminescence spectra of the
ZnS:Mn nanoparticles measured with a 335 nm excitation
wavelength are shown in Fig. 4. Photoluminescence spec-
tra for the undoped ZnS nanoparticles showed two
emission bands, one blue emission at ~420 nm and
another yellowish green band at 575 nm. The blue emis-
sion band was associated with the recombination of free
charge carriers at defect sites, possibly at the surface of
nanostructures [18, 19]. The yellowish green band at
~575 nm was most likely due to the self-activated defect
centres formed by the zinc vacancy inside the lattice [20,
21]. The orange emission around 582 nm can be attributed
to the *T,—°A, transition of the Mn®" impurity. The
characteristics of the Mn>" impurity are almost identical to
the emission observed for Mn®" in bulk ZnS [22]. The
intensity of the orange emission (582 nm) first increased
and then decreased with the increase of Mn concentrations.
Emission intensity is much higher for 5% incorporation as
compared to 10% and 15% doping. This effect might be
due to concentration quenching, due to which the increased
availability of the dopant ion increases the number of
energy transfers between the initially absorbing impurity
ions, to another identical ion instead of immediately
resulting in radiation (luminescence). After a number of
such processes, a transfer to a quenching site (e.g., a defect)
may become involved, thus further decreasing the radiative
process. This explains that the increase in Mn impurity
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Fig. 5 Actual intensity ratio of the orange to blue emissions vs. at.%
of Mn

concentration above a certain value could lead to a
reduction in PL intensity [23]. This is also clear from
Fig. 5, which shows that as Mn concentration increases to
5%, there is an increase in orange emission intensity as
compared to blue emission. But the further increase in Mn
concentration leads to gradual decrease in the orange
emission intensity. The yellowish-green emission (575 nm)
disappeared on addition of Mn to the ZnS nanoparticles;
this indicates that its origin could be zinc-vacancy related
defect states. The addition of the Mn®" ion could have
filled the Zn vacancy sites, resulting in the reduction of the
intensity of this peak, due to quenching of self-activated
centres. It was also observed that PL peak position
(582 nm) is independent of the Mn concentration.

Figure 6 shows the optical absorption spectra of the
ZnS:Mn nanoparticles. The absorption coefficient (x) was
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Fig. 6 Plot of absorbance vs. wavelength of ZnS:Mn nanoparticles
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determined from the absorbance vs. wavelength (1) traces
recorded for the Mn-doped and undoped ZnS nanoparti-
cles. The optical band gap (E,) in a semiconductor is
determined by assuming the nature of transition (m) and
plotting (ahv)""™ vs. hv, where m represents the nature of
transition. Now, m may have different values, such as 1/2,
2, 3/2, or 3 for allowed direct, allowed indirect, forbidden
direct, and forbidden indirect transitions, respectively [24].
For allowed direct transition (ochv)2 vs. hv was plotted and
the linear portion of it was extrapolated to o = 0 value to
obtain the corresponding band gap (E,) (Fig. 7). For
undoped ZnS nanoparticles, the band gap has been calcu-
lated to be 3.88 eV, which indicates a blue shift as
compared to the band gap of bulk ZnS (3.66 eV), indicating
the quantum confinement in the ZnS nanocrystallites. It may
also be noticed that the band gap values of Mn-doped ZnS
nanoparticles has reduced, which is due to the Mn related
levels introduced in the host lattice. This can also be con-
firmed from the trap depth values as obtained from the time-
resolved PL spectra discussed ahead (Table 1).
Time-resolved photoluminescence provides an effective
nondestructive technique for studying the dynamics of
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Fig. 7 Plot of (ahv)® vs. hv for the ZnS:Mn nanoparticles with inset
showing the variation of band gap with Mn concentration

Table 1 Band gap values of ZnS:Mn nanoparticles calculated from
optical absorption spectra

S. No. Sample Band gap (eV)
1 ZnS (Bulk) 3.66
2 ZnS:Mn (0%) 3.88
3 ZnS:Mn (5%) 3.71
4 ZnS:Mn (10%) 3.50
5 ZnS:Mn (15%) 3.34

impurities and lattice defects in semiconductors [20]. The
intensity of the luminescent radiation, at time ¢, is given as

[=le 4)

where I, is the intensity of radiation at cut-off position, the
constant p = 1/t is the transition probability of the
corresponding radiative transition, and t is the lifetime of
the excited state. Figure 8a and b shows the intensity vs. time
graph recorded as per the time-resolved photoluminescence
spectra for ZnS:Mn. The decay curves can be peeled-off into
three components by the peeling-off method of Bube. The
results of decay curves can be expressed as:

I = Iy exp(—pit) + Loz exp(—pat) + Loz exp(—pst) + - -
(5)

where py, p», and p5 are the transition probabilities. 1,1, Iy,
and I,3 are the intensities at the cut-off position for three
probability values. In the present investigation only three
components have been taken because further components
were having the life times in the order of few seconds. The
dopant has introduced multiple trapping levels at different
depths below the conduction band in the host material in
ZnS. Table 2 shows the excited state lifetime values for
ZnS:Mn nanoparticles, recorded at room temperature, for
blue emission (~420 nm) and for manganese-related
orange emission (~ 585 nm).

The levels, introduced by Mn in ZnS nanophosphors, are
“T,-°A,, which is a forbidden transition by spin selection
rules and its probability is very low which gives long
lifetimes, as observed for orange emission as compared to
the blue emission in Table 2. As the concentration of Mn is
increasing the life times are reducing (Table 2) from
31.51 ps (for 5 at.%) to 15.86 ps (for 15 at.%). This is due
to the smaller lifetimes of the excited state of interacting
pairs as compared to a single Mn** centre [25]. With the
increase in the concentration of Mn impurity, the number
of such interacting pairs have increased (leading to con-
centration quenching), causing the decrease in excited state
lifetimes.

As mentioned in Table 3, the value of trap depth, E, has
been calculated using the Boltzmann’s equation [26]:

p=Se EIM (6)
where S is the escape frequency factor (~10° s™"), k is the

Boltzmann’s constant, and 7T is the absolute temperature.
The distribution of traps in the energy band gap of the

nanoparticles has been studied using the following
equation:
I=1It" (7)

where b is the decay constant. The value of decay constant
explains the distribution of the trapping states introduced
by the dopant within the band gap of the phosphor. If the
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Fig. 8 (a) Hyperbolic decay (a) N (b)
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Table 2 Excited state lifetime values for ZnS:Mn nanophosphors recorded at room temperature

S. No. Sample Excited state lifetime values (ps) for blue emission Excited state lifetime values (ps) for orange emission
(420 nm) (585 nm)
T ) 3 7 ) 7

1 ZnS:Mn (0%) 6.89 13.22 55.08 - - -

2 ZnS:Mn (5%) 17.10 14.28 67.94 31.51 126.66 318.95

3 ZnS:Mn (10%) 7.58 19.12 142.88 26.52 116.47 462.64

4 ZnS:Mn (15%) 8.04 27.43 428.47 15.86 42.25 135.31

Table 3 Trap depth values and decay constant for ZnS:Mn nanophosphors recorded at room temperature

S. No. Sample Trap depth values (eV for orange emission (585 nm) Decay constant
E, E, E;
ZnS:Mn (5%) 0.2683 0.3043 0.3282 1.0969
ZnS:Mn (10%) 0.2638 0.3021 0.3379 1.4655
ZnS:Mn (15%) 0.2505 0.2759 0.3060 1.9559

value of decay constant is unity, the traps introduced by the
impurity are uniformly distributed within the band gap of
the nanoparticles. Otherwise there will be nonuniform
distribution of the traps. The trap depth is maximum
(0.2683 eV) for ZnS doped with 5% of Mn and minimum
(0.2505 eV) for 15% Mn doping. This shows that as the
concentration of Mn has increased from 5% to 15%, the
levels introduced by Mn impurity have become shallow.
The decay constant values show that the distribution of the
traps within the energy band gap of phosphors is
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nonuniform, and this nonuniformity has increased with the
increase in the dopant concentration.

Conclusion

In summary, we have fabricated ZnS nanoparticles
(~3 nm) doped with various concentrations of Mn without
using any external capping agent. However, the FTIR
spectra confirmed that the acetate ions, derived from zinc
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acetate, have been found to act as in-built surfactants so as
to control the particle size. The cubic (zinc blende) struc-
ture of the fabricated nanoparticles has been observed
using XRD studies. UV-visible absorption spectra have
been studied. Quantum confinement was observed, as a
blue shift has been observed from the optical band gap
values for ZnS nanoparticles, whereas subsequent increase
in band gap values on addition of Mn as a dopant was due
to the levels introduced by the dopant in the host material.
This has also been confirmed from the trap depth values
(varying from 0.3379 eV to 0.2505 eV), calculated by
time-resolved PL decay curves. Concentration quenching
has reduced the PL intensity for higher concentration of
Mn impurity and has also decreased the life times of the
excited states.
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