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Abstract The studies on luminescent II-VI semicon-

ducting nanomaterials have attracted widespread attention

recently, due to their potential applications in optoelec-

tronic and biophotonic devices. Amongst other II-VI

semiconductor nanoparticles (NPs), Mn2?-doped ZnS NPs

having large exciton binding energy and wide direct band

gap at room temperature have drawn considerable attention

for exploring its interesting optical properties. However, in

this report, water-soluble Mn2?-doped ZnS (ZnS:Mn) NPs

with Mn2? concentration varying between 1.5 and 5%

(wt%) have been synthesized by chemical co-precipitation

method at room temperature. X-ray diffraction (XRD)

studies and the analysis of the selected area electron dif-

fraction (SAED) pattern, obtained from transmission

electron microscopy (TEM), confirmed the formation of

zinc blende structure in all the synthesized samples. The

particle sizes of the samples, as obtained from the optical

absorption studies, varies between 2.2 and 2.7 nm with the

increase of Mn2? concentration between 1.5 and 5%. The

room temperature photoluminescence (PL) emission mea-

surements revealed the presence of yellow-orange emission

band in all the Mn2?-doped samples which is attributed to

Mn incorporation in ZnS. The Gaussian fittings of the

measured PL spectra of all the samples show the presence

of four PL peaks. Amongst the four PL peaks three peaks

appeared at 445, 476, and 520 nm in all the samples but the

fourth yellow-orange emission peak suffered a red shift

from 593 to 600 nm with increasing Mn2? concentration

from 1.5 to 5%. In this report no quenching of yellow-

orange emission peak is observed up to 5% Mn2? doping

concentration in ZnS. The synthesized water-soluble

ZnS:Mn NPs can be further functionalized for using them

as biolabels.

Keywords II-VI semiconductor � Nanostructures �
Optical properties � Photoluminescence

Introduction

Nowadays extensive studies are carried out on synthesis

and characterizations of optical properties of luminescent

semiconductor nanomaterials because of their potential

applications in optoelectronic devices, light emitters,

detectors and solar cells (Nakada et al. 1999; Akihito et al.

2000; Yang et al. 2003; Fang et al. 2004; Fayaz et al.

2010). For the last few years the investigation has been

focused on the preparation of II-VI semiconductor nano-

particles (NPs) for applications in the biological field as

molecular probes or biolabels (Goldman et al. 2002).

Semiconductor nanocrystallites have different optical and

electronic properties than bulk materials. With decreasing

particle size, ‘quantum confinement effect’ can be observed

leading to a blue shift in the absorption spectrum of the

particles (Brus 1998). Amongst others, ZnS is an II-IV

semiconductor material and has a well-known wide direct

band gap (3.71 eV at room temperature) and high exciton

binding energy (*40 meV) (Brus 1998; Bhargava et al.

1994; Bhargava 1996; Sapra et al. 2005). It is therefore a

potential candidate for optoelectronic applications in the

short wavelength region (green, blue, UV) of the electro-

magnetic spectrum. It is also a phosphor material with

characteristic photoluminescent and electroluminescent

properties that are utilized in the fields of lasers, sensors
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and displays. Luminescence properties of impurity-added

ZnS NPs are widely different from those of bulk ZnS.

Nanocrystallites doped with optically active colour center

provide new opportunities for luminescent study and

applications (Fang et al. 2004; Peng et al. 2006; Son et al.

2007; Tiwari et al. 2010; Karar et al. 2004; Chattopadhyay

et al. 2009a, b). Doping of rare earth ions in II-VI semi-

conductor is not favorable due to dissimilar chemical

properties between the rare earth ions and host Cd2?, Zn2?

cations. However, the chemical properties of Mn2?, Co2?

and Cu2? are very similar to those of Cd2? or Zn2? and

thus Mn2? can be easily doped with II-VI ZnS semicon-

ductor host. The Mn2?-doped ZnS (i.e., ZnS:Mn) nano-

crystals have been widely investigated since the first report

of efficient luminescence emission in the yellow-orange

region by Bhargava et al. (1994). In undoped II-VI semi-

conductors (e.g., CdS, CdSe, and ZnS), the band gap can be

tuned by controlling the particle sizes (Yang et al. 2003;

Peng et al. 2006; Hu and Zhang 2006; Sarkar et al. 2008).

Based on the report of (Bhargava et al. 1994; Bhargava

1996), research studies are carried out on doped II-VI

semiconductor nanomaterials to enhance their light emis-

sion properties and thereby making them good candidate

for optoelectronic applications (Fang et al. 2004; Peng

et al. 2006; Hu and Zhang 2006; Kripal et al. 2010; Dong

et al. 2010; Lu et al. 2010). Recently Mn?2-doped ZnS

nanocrystals (ZnS:Mn) have attracted much more attention

because it is found that these materials can be used as

efficient phosphor and in bio-imaging applications due to

their nonlinear optical multiphoton absorption character-

istics in the infrared and visible wavelength regions (Hu

and Zhang 2006; Chattopadhyay et al. 2009a, b; Nazer-

deylami et al. 2011).

The Mn2? ion has a d5 configuration and Mn2? d-electron

states act as efficient luminescent centers while interacting

strongly with s-p electronic states of the ZnS host into which

external electronic excitation is normally directed. The sub-

sequent transfer of electron and hole pairs into the electronic

level of the Mn2? ion leads to the characteristic yellow-orange

light emission from the Mn2? 4T1–6A1 transition (Lu et al.

2001). Bhargava et al. (1994); Bhargava (1996) reported that,

if the particle size is decreased, a strong hybridization of the s-

p states of the ZnS host and the d states of the Mn2? impurity

should occur. Different possible mechanisms for the excita-

tion of Mn2? in ZnS host have been prescribed (Son et al.

2007; Hu and Zhang 2006). Various approaches have been

reported in the recent past to improve the luminescent prop-

erties of doped II-VI semiconductors. Recently, it has also

been reported that temperature, pH of the solution, and the

solvent used during synthesis play crucial roles in NPs growth.

However, for applications of NPs in biological field, it is

desirable that the prepared semiconductor NPs should be

water soluble. In this work, water-soluble Mn2?-doped ZnS

NPs have been synthesized using a simple chemical co-

precipitation method. The chemical co-precipitation method

is most popular synthesis mechanism due to its various

advantages, such as it is more economical than the other

synthesis methods, doping of foreign atoms are easily pos-

sible as well as less instrumentation are required (Sarkar et al.

2008). The effect of Mn2? doping on the photoluminescence

(PL) property of chemically synthesized ZnS NPs is also

studied in the present work. The size of the synthesized

ZnS:Mn NPs lie in *2.2–2.7 nm range. It is found in this

work that with increasing Mn2? concentration the average

particle sizes of the synthesized samples are increased. A

blue shift in the UV–visible optical absorption spectra of the

prepared ZnS:Mn nanocrystals are observed with respect to

that of bulk ZnS and this has occurred as a result of ‘quantum

confinement effect’ (Brus 1998). We have also recorded PL

emission spectra from the synthesized samples at room

temperature. Different groups have reported previously the

PL emission characteristics of ZnS and ZnS:Mn nanostruc-

tures with different crystalline structures and observed blue,

green and yellow-orange light emissions and prescribed

different origin for such emissions (Bhargava et al. 1994, Son

et al. 2007; Tiwari et al. 2010; Hu and Zhang 2006; Sarkar

et al. 2008; Lu et al. 2001; Sooklal et al. 1996). The simul-

taneous presence of the yellow-orange PL peak along with

the PL emission in the blue region in Mn2?-doped ZnS

samples confirm the Mn2? incorporation in the synthesized

ZnS NPs (Sooklal et al. 1996). Further, it is found by

Gaussian fittings of the measured PL spectra of our samples

that there exist three peaks at 445, 476, and 520 nm in all the

samples but a red shift from 593 to 600 nm is observed for the

fourth yellow-orange emission peak with increasing Mn2?

concentration from 1.5 to 5%. Many researchers (Cao et al.

2009; Xiao and Xiao 2008; Peng et al. 2005; Murugadoss

et al. 2010) found concentration quenching for the photolu-

minescence intensity of yellow-orange emission peak of

Mn2?-doped ZnS nanocrystals at a lower concentration of

Mn2?. However, in this report no quenching of yellow-

orange PL emission has been observed up to 5% Mn2?

doping in the synthesized ZnS:Mn NPs. The intensity of the

fourth PL peak has been found to be enhanced with the

increasing Mn2? concentration, whereas the same for other

three peaks remains almost unaltered. The synthesized NPs

can be used in different biomedical applications after func-

tionalizing them with other suitable materials to make the

NPs bioactive as well as to retain their shape and size

(Goldman et al. 2002).

Experiment

Mn2?-doped ZnS NPs are synthesized at room temperature

in distilled water medium by chemical co-precipitation
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method, which is described below. All the chemicals used

are of AR grade (Merck and SD fine chemicals) and they

are used without further purification. Mn2?-doped

(1.5–5.0 wt%) ZnS NPs (ZnS:Mn) are prepared by mixing

calculated amounts of zinc nitrate solution in distilled

water and manganese acetate solution in distilled water

under continuous stirring followed by drop-wise addition

of sodium sulfide solution in distilled water up to pH 8. The

mixture is continuously stirred in a magnetic stirrer for

another 1 h. After 1 h of continuous stirring, a yellowish-

white precipitate is deposited at the bottom of the flask.

The precipitate is separated from the reaction mixture by

centrifugation (Eltek Refrigerated Centrifuge RC4100D)

for 10 min at 5,000 rpm and washed several times with

distilled water and methanol to remove the remaining

sodium particles, if any. The wet precipitate is then dried

for further measurements. Four different samples those are

synthesized; henceforth will be called as S1, S2, S3, and S4

corresponding to the ZnS:Mn (1.5%), ZnS:Mn (2.5%),

ZnS:Mn (3.5%), and ZnS:Mn (5.0%), respectively.

The optical transmission spectra of the prepared

ZnS:Mn NPs dispersed in water are recorded using a UV–

visible spectrophotometer (Hitachi, U-3010). The forma-

tion of ZnS:Mn NPs have been confirmed by transmission

electron microscopy (TEM, JEOL 2000 FX-II). The XRD

pattern is recorded by using an X-ray diffractometer

(PANLYTICAL) with Cu Ka radiation of wavelength

k = 0.15406 nm in the scan range 2h = 20�–70�. The

photoluminescence (PL) spectra of the ZnS:Mn NPs dis-

persed in water are recorded using a spectrofluorimeter

(Perkin Elmer LS-55).

Results and discussion

Figure 1 shows the UV–visible absorption characteristics

of all the synthesized samples. To obtain the absorption

characteristics of all the samples, at first transmittance (T)

at different wavelengths (k) are measured and then absor-

bance (a) at the corresponding wavelengths are calculated

by using Beer–Lambert relation:

a ¼ 1

d
ln

1

T

� �
; ð1Þ

where d is the path length. The linear optical transmission

characteristics of the prepared samples are measured by at

first dispersing the powdered samples in water and then it is

taken in a quartz cuvette of 10 mm path length (d). As

shown in Fig. 1 the absorption onsets of the samples are

fairly blue-shifted from the absorption band-edge of

334 nm (shown as a vertical line in Fig. 1) of the bulk

ZnS. Such blue shift in the band-edge takes place due to

‘quantum confinement effect’ (Brus 1998). The absorption

edges of the samples are broad due to the distribution of

particle sizes in the samples. The absorption coefficient a
and band gap Egn of a semiconductor material can be

related as,

ðahmÞm ¼ Aðhm � EgnÞ ð2Þ

where A is a constant and the band gap of the studied material

is denoted as Egn. Exponent ‘‘m’’ depends upon the type of

the transition: m may have values 2, 1/2, 2/3 and 1/3 corre-

sponding to the allowed direct, allowed indirect, forbidden

direct and forbidden indirect transitions, respectively

(Pankove 1971). For ZnS, the value of m is always 2, i.e., the

fundamental absorption corresponds to allowed direct tran-

sition. To calculate the band gap values of the prepared

samples, (ahm)2 versus hm has been plotted and it is shown in

Fig. 2. The value of the band gap is determined by extrap-

olating the straight line portion of (ahm)2 versus hm graph to

the hm axis. The calculated values of band gaps are 5.6, 5.5,

5.1, and 5.0 eV, respectively, for S1, S2, S3, and S4 samples.

It is found that the calculated values of band gap of all the

synthesized samples are higher than that of bulk ZnS. The

shift of the band gap of the synthesized samples from the bulk

value of 3.71 eV (334 nm) of ZnS is observed due to quan-

tum confinement effect.

According to quantum confinement theory, electrons in

the conduction band and holes in the valence band are

spatially confined by the potential barrier of the surface.

Due to confinement of both electrons and holes, the lowest

energy optical transition from the valence to conduction

band will increase in energy, effectively increasing the

bandgap, as described by the following equation:

Fig. 1 UV–visible absorption characteristic of the prepared ZnS:Mn

nanoparticles dispersed in distilled water. The vertical line shows the

absorption band-edge of bulk ZnS. Here, S1, S2, S3, and S4
corresponds to the ZnS:Mn (1.5%), ZnS:Mn (2.5%), ZnS:Mn

(3.5%), and ZnS:Mn (5.0%) samples, respectively
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Egn ¼ Eg þ h2p2=2lr2; ð3Þ

where Eg is the band gap of the bulk semiconductor, Egn is

band gap of the synthesized ZnS:Mn NPs and h is Planck’s

constant, r is the radius of the NPs, and l is the reduced

mass of the exciton given by l ¼ m�
em�

h=m�
e þ m�

h. Here, m�
e

and m�
h are effective masses of the electron and hole,

respectively. This model was expanded by Brus (1998) to

include Coulombic interaction of excitons and the

correlation energy and can be written as:

Egn ¼ Egb þ h2p2=2lr2 � 1:786e2=er þ 0:284ER ð4Þ

Here, ER is the Rydberg (spatial correlation) energy and e
is the dielectric constant of the bulk semiconductor. Hence,

the UV transmission band-edge of NPs will shift to higher

frequency with decreasing particle diameter, with a

dependence on 1/r2. Neglecting the polarization term and

by substituting m�
e = 0.34 mo, m�

h = 0.23mo, mo is the free

electron mass, relative dielectric constant (e) of

ZnS = 8.76, in Eq. 4, the band gap of ZnS NPs with

radius r (nm) can be given as:

Egn ¼ Eg þ 2:7442=r2 � 0:2963=r: ð5Þ

From the calculated band gap as described above and by

using Eq. 5, the average size (diameter) Mn2?-doped

samples have been calculated and those are summarized in

Table 1 along with some other data. The calculated values

from optical absorption studies matches well with those

obtained from transmission electron microscope (TEM)

micrograph analyses as described below.

We can get direct information about particle size and

morphology of the prepared nanocrystalline samples by

analyzing TEM micrograph of the samples. However, a

typical TEM image of 2.5% ZnS:Mn sample is shown in

Fig. 3a and its inset shows the corresponding selected area

electron diffraction (SAED) pattern. From Fig. 3a it is seen

that particles in various sizes are present in the prepared

samples. As the particle size distribution is asymmetric, in

order to get average particle size, the particle size distri-

bution is fitted with a log-normal distribution which is

shown in Fig. 3b. The calculated average particle size from

TEM image analysis is about 2.5 nm which matches well

with the value of the same as obtained from optical studies

and XRD analysis and is described below. Three circular

rings that appeared in SAED pattern are assigned to (111),

(220) and (311) crystalline planes of cubic ZnS.

Figure 4 shows the XRD patterns of all the prepared

ZnS:Mn samples. The three diffraction peaks appeared

with 2h values of 28.70�, 47.96�, and 56.76� corresponding

to the (111), (220) and (311) planes, respectively, of the

cubic phase (zinc blende) ZnS matching JCPDS 80-020.

No phase transformation due to Mn2? doping has been

observed in all the synthesized samples. Similar result has

also been reported previously by Karar et al. (2004). As

shown in Fig. 4 the XRD peaks are broadened due to

nanocrystalline nature of the synthesized samples. From

the value of full width at half maximum (FWHM) of the

most prominent peak in XRD pattern, the mean crystallite

sizes are calculated by using the Debye–Scherer’s formula

(Cullity 1978):

D ¼ 0:89k= b cos hð Þ: ð6Þ

where D is the average crystallite size, k is the X-ray

wavelength, h is the diffraction angle and b is the FWHM

of the most prominent diffraction peak. The calculated

average crystallite sizes from XRD data, viz. for 2.5%

Fig. 2 The plot of (ahm)2 versus hm of ZnS:Mn nanoparticles. Here,

S1, S2, S3, and S4 corresponding to the ZnS:Mn (1.5%), ZnS:Mn

(2.5%), ZnS:Mn (3.5%), and ZnS:Mn (5.0%), respectively

Table 1 Particle sizes of all the synthesized samples from optical

studies and interplanar spacing (dhkl) from XRD and JCPDS data card

and corresponding (h k l) values

Name

of the

sample

Mn2?

concentration

(%)

Particle size from

optical studies

(nm)

(h k l) dXRD

(Å)

dJCPDF

(Å)

S1 1.5 2.2 (111) 3.11 3.10

(220) 1.89 1.89

(311) 1.62 1.61

S2 2.5 2.3 (111) 3.13 3.10

(220) 1.89 1.89

(311) 1.62 1.61

S3 3.5 2.6 (111) 3.11 3.10

(220) 1.89 1.89

(311) 1.62 1.61

S4 5.0 2.7 (111) 3.10 3.10

(220) 1.89 1.89

(311) 1.62 1.61
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ZnS:Mn sample is 2.4 nm which agrees well with the

values as calculated from optical studies and TEM mea-

surements. The interplanar spacing (dhkl) and correspond-

ing (hkl) values for S1, S2, S3, and S4 samples as

calculated from XRD and JCPDS data cards are summa-

rized in Table 1.

The photoluminescence emission (PL) spectra for the

S1, S2, S3, and S4 samples are shown in Fig. 5a. To

measure PL emission spectra, samples are dispersed in

water and taken in a quartz cuvette of 10 mm path length.

Different excitation wavelengths are used but the maxi-

mum emission intensity is observed when the excitation

wavelength of 330 nm is used for all the samples. From the

Fig. 5a it is clear that the PL emission band obtained from

the different ZnS:Mn samples are highly asymmetrical and

broadened with multiple peaks indicating the involvement

of different luminescence centers in the radiative processes.

The Gaussian fittings of the measured PL spectra of S1,

S2, S3, and S4 samples are shown in Fig. 5b, c, d, e,

respectively. In all the figures dashed curves (red color)

show the theoretical Gaussian fitting of experimentally

obtained curves (solid lines) and the dotted curves (green

color) show the individual Gaussian curves. From the

Fig. 5b–e, it is found that PL spectra of all the samples

contain four PL peaks lying in the visible region of the

electromagnetic spectrum. Amongst the four peaks three

peaks appear at 445, 476, and 520 nm irrespective of the

sample but the fourth peak which appears in the yellow-

orange region suffers a red shift from 593 to 600 nm with

increasing Mn2? concentration from 1.5 to 5%. Different

groups have reported the PL emission from ZnS nano-

structures with different morphologies, including nanorods,

nanowires, and nanobelts, etc. (Fang et al. 2004). There are

various reports of near band-edge PL emission at 340 nm, a

self-activated PL band at 420 nm, as well as a green PL

band at *535 nm (Ye et al. 2004). Karar et al. (2004) have

reported synthesis of ZnS:Mn NPs with Mn concentration

varied up to 40% by chemical method using polyvinyl

pyrrolidone (PVP) as a capping agent and iso-propanol as

the solvent. They have reported PL emission fitted with

four Gaussian peaks at 460, 600, 640 and 680 nm. Green

PL emission from ZnS NPs at *535 nm is reported by Ye

et al. (2004) and it is assigned to elemental sulfur species

present in the samples. Sapra et al. (2005) have reported

synthesis of ZnS:Mn NPs with DMF as the solvent and

1-thioglycerol as the capping agent and they have reported
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Fig. 3 a Shows the TEM image of 2.5% Mn2?-doped ZnS sample

and its inset shows the SAED pattern which confirms the diffraction

from (111), (220) and (311) planes of cubic ZnS. b Shows the particle

size distribution obtained from TEM image of 2.5% Mn2?-doped ZnS

sample. The distribution is fitted with log-normal distribution

I

Fig. 4 X-ray diffraction (XRD) pattern of all the ZnS:Mn samples.

All the curves have been scaled to plot together. Here, S1, S2, S3, and

S4 corresponding to the ZnS:Mn (1.5%), ZnS:Mn (2.5%), ZnS:Mn

(3.5%), and ZnS:Mn (5.0%), respectively
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PL emission at 425 nm from ZnS due to de-excitation of

defect states and 580 nm PL emission from ZnS:Mn

samples due to Mn d–d transitions. Son et al. (2007) have

reported synthesis of ZnS:Mn NPs with average sizes

7.3 nm by liquid–solid solution (LSS) method by

employing suitable organic agents. They have reported PL

emission from the samples at 580 nm.

However, the well-known blue emission peak observed

at 445 nm in our samples is associated with the defect-

related emission of the ZnS host, the peak at 476 nm is

(a) (b)

(c) (d)

(e)

Fig. 5 a Room temperature photoluminescence (PL) spectra of all

ZnS:Mn samples. The Gaussian fittings of individual PL spectra of

ZnS:Mn (1.5%), ZnS:Mn (2.5%), ZnS:Mn (3.5%) and ZnS:Mn

(5.0%) samples are shown in b, c, d, and e, respectively. The

excitation wavelength used for all the samples is 330 nm. In all the

figures dashed curves (red color) show the theoretical Gaussian fitting

of experimentally obtained curves and the dotted curves (green color)

show the individual Gaussian curves

20 Appl Nanosci (2012) 2:15–23
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attributed to sulfur bonds dangling at the interface of ZnS

NPs and the green PL peak at 520 nm observed in this

work is assigned to elemental sulfur species on the surface

of ZnS (Tiwari et al. 2010; Denzler et al. 1998). The origin

of the fourth PL peak in our samples is due to Mn2?

incorporation in the ZnS host lattice. It was reported by

Sooklal et al. (1996) that in Mn2?-activated ZnS nano-

crystals in which the Mn2? ions are distributed outside the

ZnS nanocrystals, the PL is totally different from that of

Mn2?-doped ZnS nanocrystals in which the Mn2? is

incorporated within the nanocrystals. When the Mn2? is

incorporated within the nanocrystals, both the 435 nm blue

emission of ZnS and the orange Mn2? emission at 590 nm

are observed. However, in the Mn2?-activated ZnS nano-

crystals in which the Mn2? ions are distributed outside the

ZnS nanocrystals, no orange emission at 590 nm is

observed; a new peak at 350 nm appears and the blue

435 nm emission of ZnS is quenched considerably and

shifted to 390 nm (Sooklal et al. 1996). When Mn2? ions

are incorporated into the ZnS lattice and substitute for host

cation sites; the hybrid between the s-p electrons of the host

ZnS and the d electrons of Mn2? occurs and makes the

forbidden transition of 4T1–6A1 partially allowed, as a

result the yellow-orange PL originates from a transition

between the 4T1 excited state and the 6A1 ground state of

the Mn2? ion within a nanocrystalline ZnS lattice

(Bhargava et al. 1994; Denzler et al. 1998; Ren et al. 2008;

Cao et al. 2009). Therefore, by comparing these studies and

our results it is concluded that in our synthesized samples

Mn2? ions are incorporated within the ZnS NPs.

From Fig. 6 it is also observed that the position of the

fourth PL peak has been red-shifted gradually from 593 to

600 nm with the increase in the Mn2? concentration in the

synthesized samples. The models involving a size-depen-

dent phonon coupling and crystal fields can be used for an

explanation for the observed PL peak shift in the present

study (Yang et al. 2003; Xiao and Xiao 2008; Peng et al.

2005; Murugadoss et al. 2010; Pradhan et al. 2005; Chen

et al. 2000). It has been reported that the Mn2? emission

band in ZnS NPs may shift to higher or to lower energies

compared to bulk ZnS:Mn2?, depending on both the size

and the surface effects (Yang et al. 2003). The increase in

particle size leads to red shift of the emission peak

consistent with quantum size effect. The decrease in the

density of surface states with increasing particle size can be

attributed to the observed red shift in emission peak

wavelength.

Many researchers have found concentration quenching

for the PL intensity of yellow-orange emission peak of

Mn2?-doped ZnS nanocrystals (Cao et al. 2009; Xiao and

Xiao 2008; Peng et al. 2005; Murugadoss et al. 2010). Cao

et al. (2009) have reported optimal doping concentration of

Mn at 3%. Xiao and Xiao (2008) showed a maximum

luminescence at a doping concentration of 1.5%, Peng

et al. (2005) obtained a maximum luminescence at a dop-

ing concentration of 1.03%. Very recently, Murugadoss

et al. (2010) obtained a maximum luminescence at a dop-

ing concentration of 4%. In this report, no quenching of

yellow-orange PL emission is observed up to 5% Mn

doping in the synthesized ZnS:Mn samples.

To understand the relative variation in the intensity of

the fourth PL peak in comparison to the other peaks, the

relative values of the intensity of the third and fourth PL

peaks with respect to the second PL peak are calculated and

these are summarized in Table 2. Also the variation of

relative intensity (I4/I2), with the Mn2? concentration is

shown in Fig. 6. Here I4 is the intensity of the fourth PL

peak and I2 is the intensity of the second PL peak. From

Fig. 6 it is found that with increasing Mn2? concentration

Fig. 6 Ratio of relative intensities (I4/I2) and the position of the

fourth PL peak (I4) with increasing Mn (%) concentration

Table 2 Photoluminescence (PL) emissions peak positions and their relative peak intensities

Sample First PL

peak (nm)

Second PL

peak (nm)

Third PL

peak (nm)

Fourth PL

Peak (nm)

Relative intensity of

the third peak with

respect to second peak

Relative intensity of

the fourth peak with

respect to second peak

S1 445 476 520 593 1.1 0.9

S2 445 476 520 595 1.1 1.0

S3 445 476 520 597 1.1 1.1

S4 445 476 520 600 1.0 1.2
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(up to 5%) the intensity of the yellow-orange peak which

arises due to Mn2? 4T1–6A1 transition increases as com-

pared to the blue emission (476 nm) peak arising due to

sulfur dangling bonds. This suggests that with increasing

Mn2? concentration, Mn2? emission is growing and at the

same time there is some loss of energy in the host lattice

emission. Pradhan et al. (2005) have previously studied the

possible nucleation and growth process, they found that the

successful doping and decoupling of doping must fulfill

following conditions: with the increase in doped ions, the

steady increase in the PL intensity from the doping centers

at about 605 nm, the fixed PL positions of the host ZnS

nanocrystals and the doping centers, and the gradual

decrease in the PL intensity of the host ZnS nanocrystals.

Generally, in doped semiconductors, there are two chan-

nels for luminescence excitation. One is indirect excitation,

i.e., excitation into the excited levels of the host, followed

by an energy transfer from the host to the impurity ions to

cause the luminescence (Chen et al. 2000). Another is the

direct excitation. In the present case indirect excitation at

330 nm has led to the yellow-orange PL emission from the

synthesized samples. The successful observation of Mn2?

emission in ZnS NPs from indirect excitation at 330 nm

proves that energy transfer from ZnS to Mn2? is taking

place and this is another proof showing that Mn2? is

located within the ZnS clusters.

Conclusion

Mn2?-doped ZnS (ZnS:Mn) NPs having 2.2–2.7 nm in

sizes are synthesized by chemical precipitation methods at

room temperature by using distilled water as solvent. The

UV–visible absorption spectroscopy shows the strong

confinement effect which suggests the formation of NPs.

XRD studies revealed cubic phase of all the synthesized

ZnS:Mn samples. The PL spectra from all the samples are

measured at room temperature and from the Gaussian fit-

tings of the measured PL spectra of all the samples it is

found that four PL peaks are present in the PL spectra of all

the samples. Amongst them three PL peaks appeared at

fixed positions of 445, 476, and 520 nm in all the samples

but a red shift from 593 to 600 nm takes place for the

fourth yellow-orange light emission peak with increasing

Mn2? concentration from 1.5 to 5%. It is also found that

the intensity of yellow-orange PL peak increases gradually

relative to other peaks unlike the previous reports. The

steady increase in the PL intensity of the yellow-orange

peak with the increase in doped ions and the fixed PL peak

positions of the host ZnS nanocrystals, and the gradual

decrease in the PL intensity of the host ZnS nanocrystals

confirms the doping of Mn2? in ZnS. The red shift of

yellow-orange light emission peak with increasing Mn2?

concentration can be related to the particle size-dependent

crystal field effect and the surface effects.

Out of various II-VI direct band gap semiconductor, ZnS

as well as Mn2?-doped ZnS NPs has wide direct band gap,

high refractive index and multiphoton absorption charac-

teristics as studied by various researchers. ZnS:Mn NPs

emit yellow-orange light when excited to UV radiation and

this visible PL emission can be identified easily with the

naked eye. Therefore, ZnS:Mn NPs are suitable candidate

for potential applications in optoelectronic and biophotonic

devices. Particularly, water-soluble ZnS:Mn can be used

for fluorescence imaging in living tissues. Some recent

studies have reported enhanced three-photon as well as

four-photon absorption properties of ZnS:Mn NPs which

can make them useful for imaging applications because

infrared (IR) wavelength is converted to a wavelength in

the blue or UV region and this increases the resolution

beyond the diffraction limit. However, water-soluble

Mn2?-doped ZnS (ZnS:Mn) NPs synthesized by the pre-

sented method may be useful in the applications as biola-

bels, etc. due to their nanometric dimensions and visible

luminescent properties combined with their multiphoton

absorption properties. However, the synthesized NPs need

to be functionalized with suitable materials for making

them bioactive and to retain their size and shape after they

are tagged with biomolecules.
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