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ABSTRACT: Fabrication of white light-emitting nanophosphors
with high luminous efficacy is an urgent need for the next-
generation lighting industry and display systems. While rare-earth
ions have been frequently utilized as dopants to fabricate
semiconducting and dielectric nanophosphors, the limited
abundance of rare-earth elements on our planet demands a search
for suitable alternatives. Here, we report the fabrication of ZnS
nanoparticles co-doped with Co2+ and Mn2+ transition metal ions
which manifest intense near-white light emission under ultraviolet
excitation. While the nanophosphors could be fabricated through a
simple low-temperature two-step chemical process, both the color
and intensity of their emission can be tuned just by varying the
molar concentration of the two dopant ions. The variation of the emission color and its intensity in the nanophosphors due to the
dopant ion concentration has been explained considering the interband energy transfer from Mn2+ ions to Co2+ ions and creation of
deep level defect states in the host nanocrystals. The synthesis process utilized in the present work opens up the possibility of
fabricating low-cost, emission-tuned, rare-earth-free nanophosphors for developing high-efficiency light-emitting devices.

■ INTRODUCTION
Semiconductor nanostructures have attracted strong research
interest in the last decade because of their superior optical,
electrical, and optoelectronic properties. While most of these
properties of semiconductor nanostructures can be tuned by
controlling their size and morphology, by incorporating a
suitable dopant, their electronic band structures can be
modified to meet the requirements for specific optoelectronic
applications. Optical properties of semiconductor nanostruc-
tures of II−VI groups, such as quantum dots and nanoparticles
of ZnS, CdS, CdTe, CdSe, ZnTe, and so forth, have been
studied extensively for optoelectronic applications,1−9 espe-
cially for solar cell development and enhancement of the light
conversion efficiency of commercial silicon solar cells.10−13

They have also been utilized systematically for the fabrication
of light-emitting diodes,14−20 emitting mainly in the 400−640
nm spectral range, with the possibility of further tuning by
controlling their size and impurification.8,21,22 While the
bandgap energy of these nanostructures can be easily tuned
by controlling their size, that is, by taking advantage of the
quantum confinement effect, optically stimulated radiative
emissions from them could be controlled by metal ion doping.
Radiative emissions of semiconductor nanostructures depend
generally on the sub-bandgap electronic states, intrinsically
generated or through metal ion doping. However, emissions
can also occur from the interband transitions of the
incorporated atoms or ions of transition metals and rare-
earths.23−27 Although rare-earth ions are well-known emission

activators for nanophosphors capable of inducing intense
emissions in selective spectral regions when incorporated in
limited concentrations, they are expensive due to low
abundance in the planet.28−30

Most of the II−VI semiconductor nanoparticles and
quantum dots without a zinc content exhibit intense
photoluminescence (PL) emissions in the 500−640 nm
spectral range, that is emitting green to red colors. However,
because of the lack of blue emission, they cannot generate
white light. For this reason, nanostructured systems based on
zinc,15,19,21,31,32 especially zinc sulphide (ZnS), have gained
strong attention recently. ZnS has intrinsic intrabandgap
electronic states, which produce broad blue emission,33,34

allowing its tunability for producing emissions in other
wavelengths of the visible spectral region. One of the most
common ways to modify the optical properties of ZnS
nanostructures is through the introduction of dopants or
impurities in their crystalline lattice. In fact, Mn2+ ions have
been systematically incorporated into the ZnS lattice to obtain
reddish emission bands.25,35,36 Other transition metal ions
have also been utilized as dopants for ZnS to improve its
emission efficiency. For example, the incorporation of Co2+
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ions in low concentrations has been seen to enhance the
emission efficiency of ZnS through the creation of defect states
inside its energy band gap. However, the incorporation of
metal ion dopants in high concentration quenches the
emission of ZnS.37

Common synthesis methods utilized to obtain ZnS nano-
crystals are the aqueous chemical processes, such as chemical
bath deposition, co-precipitation, and solvothermal, using
different polymers and capping materials.33,38−41 While most
of these chemical processes are simple and cost-effective,
producing ZnS nanostructures of well-controlled size and
morphology along with the introduction of doping ions in a
controlled manner remained challenging, due to inherent
impurity rejection behavior of small nanostructures.42,43

Among the transition metal ions, Co2+ and Mn2+ have been
utilized frequently to impurifying ZnS nanostructures. While
the incorporation of Co2+ ions in low concentrations has been
performed to enhance the intrinsic defect-induced PL emission
of ZnS nanostructures,44−46 the incorporation of Mn2+ ions in
ZnS nanostructures as a single dopant has been performed to
induce red emission.43 On the other hand, Mn2+ and Cu2+ ions
have been co-doped in ZnS for inducing white light emission.44

However, the utilization of Co2+ and Mn2+ ions as co-dopants
to tune the emission behavior of ZnS nanostructures has not
been reported in the literature.
In this article, we present the synthesis of well-dispersed ZnS

nanoparticles of 4−4.5 nm size range, co-doped with Co2+ and
Mn2+ ions, and their room-temperature PL emission behaviors.
The well-crystalline semiconductor nanoparticles were synthe-
sized by a combined co-precipitation−hydrothermal method
and characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), diffuse reflectance spectroscopy
(DRS), Raman spectroscopy, and room-temperature PL
spectroscopy. By adjusting the concentration of incorporated
Co2+ and Mn2+ ions, PL emissions of the nanoparticles could
be tuned to the visible spectral range, which is very important
for their utilization in white light-emitting display devices. The
mechanisms of emission tuning in the co-doped ZnS
nanoparticles have been discussed.

■ EXPERIMENTAL DETAILS

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, >98%), sodium
sulfide nonahydrate (Na2S·9H2O, ≥98%), cobalt nitrate
hexahydrate (Co(NO3)2·6H2O, >98%), manganese nitrate
tetrahydrate (Mn(NO3)2·4H2O, >98%), and cetyltrimethy-
lammonium bromide (CTAB), all of analytical grade, were
purchased from Sigma-Aldrich, Mexico, and used as received,
without further processing. Deionized (DI) water from a Milli

Q system was used as a solvent for reactions, as well as for
washing the materials.
The doped and undoped ZnS nanoparticles were synthe-

sized using a combined co-precipitation−hydrothermal proc-
ess. First, small ZnS clusters (doped and undoped) were
prepared by co-precipitation at 4−6 °C temperature. Then, the
amorphous ZnS clusters (doped and undoped) were treated
hydrothermally for their further growth and crystallization. For
the co-precipitation of ZnS clusters, 12.5 mL of 0.5 M aqueous
zinc nitrate solution was mixed with 12.5 mL of 0.5 M solution
of sodium sulfide under magnetic agitation. A 0.5 M aqueous
solution of cobalt nitrate hexahydrate and/or manganese
nitrate tetrahydrate was added to the earlier mixture in
different volumes to maintain the desired concentration of
Co2+ and/or Mn2+ ions in the reaction mixture. Several
mixtures containing nominal 0.5, 2.5, 5, and 10 mol % of cobalt
nitrate, 0.5 and 1.0 mol % of manganese nitrate, and Co/Mn
nitrates in 0.5/0.5 and 0.25/0.75 molar ratios were prepared.
The mixtures were transferred to a cold bath under magnetic
agitation, maintaining its temperature in-between 4 and 6 °C.
After 1 h of reaction, the mixtures become turbid white,
indicating the formation of ZnS clusters.
In the second step, about 250 mg of CTAB was dissolved

into each of the earlier reaction mixtures and transferred to
Teflon-lined stainless-steel autoclaves (40 mL capacity). The
autoclaves were then sealed and heated in a gravity furnace at
140 °C for 8 h. The reaction products were collected by
centrifugation, washed several times with DI water and
ethanol, and dried at 80 °C for 5 h, obtaining white powders.
The doped and undoped ZnS nanoparticles obtained by the

procedure described above were characterized to study their
morphology, crystalline structure, and optical properties. The
structural analysis of the samples was carried out in a Bruker
D8 Discover X-ray diffractometer (XRD) utilizing Cu Kα
radiation (λ = 1.5046 Å) in 10−80° 2θ range, at a scan speed
of 2°/min in 0.02° steps. For morphology and fine-structure
analysis, low- and high-resolution TEM images of the samples
were recorded in a JEOL JEM-2010F microscope operating at
200 kV. For TEM analysis, the powders were suspended in
ethanol (0.1 mg/mL) and left to dry on a carbon-coated
copper grid after drop casting. Room-temperature Raman
spectra of the samples were recorded in a HORIBA LabRam
800 spectrometer, using a He-Ne laser (λ = 632.8 nm) as the
excitation source and a thermoelectrically cooled charge-
coupled device detector.
Optical properties of the synthesized nanoparticles (doped

and undoped ZnS) were studied by DRS and PL spectroscopy.
DRS spectra of the samples were recorded in an Agilent Cary

Figure 1. XRD patterns of (a) Co and (b) Mn−Co co-doped ZnS nanoparticles.
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5000 UV−vis spectrophotometer coupled with a hemispherical
integrating sphere. For band gap energy estimation, the
recorded DRS spectra were processed with Kubelka−Munk
treatment. Room-temperature PL spectra of the samples were
recorded in a HORIBA iHR-320 spectrofluorometer, utilizing
a 1200/500 grating and ambient-cooled Hamamatsu R928
multi-alkali photomultiplier tube as a detector. Emissions from
a 450 W Xe arc lamp and a 325 nm He-Cd laser line with the
maximum incident power of 5 mW were utilized for sample
excitation. Room-temperature time-resolved fluorescence
spectra of the samples were recorded in a Jobin Yvon Triax-
550 monochromator coupled with a HORIBA Jobin Yvon i-
Spectrum Two ICCD detector, using an Opolette HE 355 LD
+ UVDM pulsed laser of 10 ns pulse duration, as an excitation
source.

■ RESULTS AND DISCUSSION
In order to evaluate the crystallinity and structural phase of the
synthesized nanostructures, their room-temperature XRD
spectra were recorded in the 20−80 2θ range (Figure 1).
The appearance of well-defined diffraction peaks in the XRD
patterns of the samples indicates their good crystallinity. All
the samples (doped and undoped) revealed four diffraction
peaks at around 28.5, 47.7, 56.6, and 77.3°, which correspond
to the (111), (220), (311) and (331) planes of ZnS in the
face-centred cubic (fcc) phase (PDF # 005-0566). The average
crystallite size in the nanostructures was estimated using
Debye−Scherrer relation47 considering the main diffraction
peak (111) in their XRD patterns

λ
β θ

=D
K

cos( ) (1)

where D is the average diameter of the crystallite in the
direction perpendicular to the planes associated to the selected
peak, K is the shape-factor parameter, which is 0.94 for
spheroidal shaped particles of the cubic structure, λ is the
excitation wavelength (λ = 1.5046 Å), and β is the full width at
the half maximum (fwhm) of the selected peak. A pseudoVoigt
function fitting was carried out to the principal diffraction peak
(111) using 0.94 as a shape factor to estimate its fwhm values
for different samples. The estimated average crystallite size
values obtained for the samples are presented in Table 1.
Using Bragg’s relation (eq 2) and interplanar spacing d (eq

3) for the most prominent reflection, we estimated the lattice
parameter “a” of the nanocrystals to monitor the effect of Co2+

and Mn2+ ion incorporation in their lattice. Lattice strain (ε)
induced by the incorporation of the dopants was also estimated
using the Williamson−Hall48 relation (eq 4)

λ θ=n d2 sin (2)

= + +d a h k l/hkl
2 2 2

(3)

i
k
jjj

y
{
zzzβ θ λ ε θ= +k

D
cos 4 sinhkl (4)

The estimated average grain size, lattice parameter, and
lattice strain for the doped and undoped nanocrystals are listed
in Table 1. As can be seen in Table 1, although the lattice
strain in the nanocrystals reduces significantly with the
incorporation of Co2+ and/or Mn2+ ions, variations in the
crystallite size and lattice parameter did not reveal any
particular trend. While the results confirm the incorporation
of Co2+ and/or Mn2+ ions in the ZnS lattice, their
concentrations in the nanostructures were low, probably due
to the small sizes of the nanocrystals.
As the ionic radius of Co2+ (79 pm) is smaller than the ionic

radius of Zn2+ (88 pm), they have a good possibility to be
accommodated at Zn2+ sites of the ZnS lattice through
substitution. On the other hand, Mn2+ ions with ionic radius
(97 pm) is about 10% bigger than that of Zn2+ and hence can
be accommodated both at the Zn2+ sites and at interstitial
spaces.
As the lattice constant of the ZnS nanoparticles did not

suffer significant change due to Co2+ and/or Mn2+ doping,
probably most of the dopant atoms incorporated at the
interstitial sites of the ZnS lattice, creating zinc vacancies in the
nearest cationic sites for charge compensation.
Doping concentration limits and solubility of metal ions in

semiconductor nanostructures are closely related to the
chemical potential of the host constituents and the formation
energy of the dopant ion compounds49 and therefore are
strongly size-dependent. While a reduction of particle size is
known to reduce its dopant solubility,42,43,50 an increase in the
nominal concentration of dopants might have caused a
competition between the substitution and interstitial accom-
modation of dopant ions, resulting in a higher structural
modification at lower doping concentrations.
TEM both at low and high resolution (HRTEM) was

carried out to evaluate the size and crystallinity of the ZnS
nanoparticles. As can be noticed in the TEM micrograph
presented in Figure 2a,b, the undoped sample consists of quasi-
spherical particles smaller than 10 nm. The HRTEM images of
the sample presented in Figure 2c,d revealed most of the
particles are of about 4.0 nm size and are of highly crystalline
nature. In fact, the size distribution histogram constructed by
measuring the size of more than 200 nanoparticles from their
HRTEM images (Figure 2e) revealed their average size of
about 4.2 nm. The appearance of clear lattice fringes in the
HRTEM images of the nanoparticles (Figure 2d) clearly
demonstrates their good crystallinity.
In addition to the particle size analysis, an inspection of

HRTEM images was performed to confirm the type of the
crystal structure of the sample, determined by XRD, by
measuring the interplanar distances. Figure 2d shows a

Table 1. Lattice Strain and Structure Parameters of the Fabricated Nanocrystals Extracted from Their XRD Patterns

sample plane fwhm (rad) av. crystallite size (nm) cell parameter (Å) strain

ZnS (111) 0.0384 4.2 5.42 5.3
ZnS:0.5Co (111) 0.0389 3.7 5.38 6.7
ZnS:2.5Co (111) 0.0362 4.3 5.43 5.3
ZnS:5Co (111) 0.0342 4.3 5.43 2.7
ZnS:0.5Mn (111) 0.0394 3.7 5.37 6.7
ZnS:0.5Co0.5Mn (111) 0.0407 3.6 5.36 5.7
ZnS:0.25Co0.75Mn (111) 0.0358 4.0 5.39 2.4
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representative HRTEM micrograph that exhibits interplanar
distances of 3.03 and 1.89 Å, on average, corresponding to
(111) and (220) planes respectively, corresponding to an fcc
structure of ZnS (zinc blende, PDF #00-05-0566).
Similar TEM and HRTEM studies were performed on the

ZnS:Co (0.5 and 2.5 mol % nominal Co concentrations),
ZnS:Mn (0.5 mol % nominal Mn concentration), and
ZnS:CoMn (0.5, 0.5 mol % nominal concentration) nano-
structures (Figure 3). TEM micrographs of all the nanostruc-
tures revealed their quasi-spherical shape, with an average size
of around 4.0 nm. As can be noticed in their size distribution
histograms (at the right side of the corresponding micro-
graph), the average diameter of the particles does not vary
significantly with doping.
Raman spectra were recorded on the doped and undoped

ZnS nanostructures to study their structural characteristics
further. All the samples revealed characteristic vibrational
modes of zinc sulphide in the cubic phase.51,52 In general, the
Raman signals of the samples are broad and of moderate
intensity, probably due to smaller size of nanocrystals. The
most prominent dispersion peaks appeared around 264 and
345 cm−1 correspond to E1(TO) and E1(LO) phonons of ZnS,
respectively. Other bands appeared with lower intensity are
either higher orders of the fundamental vibrations or of
multiphononic nature. The weak bands appeared around 145,
308, and 430 cm−1 for the undoped ZnS nanostructures
correspond to multiphononic vibrations 2E2

1, E2
2, and E1(TO) +

2E2
1, respectively. In the case of Co2+ impurities, a weak band

centered around 308 cm−1 appeared, which corresponds to the
silent mode E2

2 (Figure 4a).51−53 As can be observed, the
incorporation of Co2+ ions in lower concentrations does not
affect much the spectral features of ZnS nanostructures. The
major change observed for Co2+ doped nanostructures is the
absence of the 430 cm−1 multiphonon mode for higher
concentrations. For the highest Co2+ concentration, that is, for
the ZnS:10Co nanostructures, the intensity of the E1(TO)
signal reduced with respect to the intensity of the E1(LO)
signal. Also, the band becomes considerably broad. This
change in the peak shape is probably due to the formation of
CoSx, which also exhibits a strong Raman signal in the 320−
380 cm−1 range.54 As can be seen in Figure 4b,c, the Mn2+

doped ZnS nanostructures also revealed fundamental E1(TO)
and E1(LO) vibrational modes of cubic ZnS. The silent mode
E2
2 also occurred as in case of the samples prepared with low

concentration Co2+ doping. However, the co-doped nano-

structures revealed very little change in the intensity and
position of the fundamental vibrational modes of ZnS (Figure
4c), indicating minimum distortion of the host ZnS lattice.
Variation of optical properties, specifically, the band gap

energy of ZnS nanoparticles on the incorporation of Co2+ and
Mn2+ ions was analyzed by recording DRS spectra of the
powder samples in the UV−vis spectral range. To estimate the
band gap energy, Kubelka−Munk (K−M) treatment55 was
performed on the recorded DRS spectra. For a direct band
semiconductor, the optical band gap is related to its
wavelength-dependent absorption coefficient, following the
relation

α ν ν= −h C h E( )1 g
1/2

(5)

When the light is dispersed in a diffuse manner, the
absorption coefficient α of a material is related with the K−M
absorption coefficient by K = 2α, for a specific wavelength of
the incident light. Assuming the dispersion coefficient (S) does
not depend on the wavelength, the K−M relation can be
rewritten as

Figure 2. TEM and HRTEM micrographs of undoped ZnS
nanostructures. The micrographs presented in (a−c) with gradually
increased magnification clearly reveal their good dispersion. The
HRTEM image presented in (d) shows their good crystallinity. Size
distribution histogram constructed by measuring the size of individual
particles is presented in (e).

Figure 3. Typical TEM micrographs and size distribution histograms
of (a) ZnS:0.5Co0.5Mn, (b) ZnS:0.5Mn, (c) ZnS:0.5Co, and (d)
ZnS:2.5Co samples.
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=
−

≡∞

∞
∞

K
S

R
R

F R
(1 )

2
( )

2

(6)

where R∞ = Rsample/Rstandard, whose values oscillate between 0
and 1. From eqs 5 and 6, we get the expression

ν ν[ ] = −∞F R h C h E( ) ( )2
2 g (7)

By plotting [F(R∞)hν]
2 against photon energy (hν), and

extrapolation of the linear regime to the photon energy axis, we
determined the optical band gap energy (Eg) values of the
doped and undoped ZnS nanostructures,55 as shown in Figure
5b,d.
As can be noticed (Figure 5b,d), there exists no specific

trend of band gap energy variation of ZnS nanoparticles due to
Co2+ and/or Mn2+ doping. While the variations are nominal, Eg
variation of the doped ZnS nanoparticles follows the same
trend as their lattice parameter values estimated from XRD
analysis (Table 1). A maximum increase in the band gap
energy of 0.06 eV was observed for the nanoparticles with the
lowest nominal cobalt content (ZnS:0.5Co, Figure 5b),
probably due to their higher lattice strain (Table 1). On the
other hand, no noticeable variation in Eg could be detected due
to Mn2+ doping. A small but significant increase in Eg could be

detected only for the ZnS nanoparticles co-doped with Mn and
Co ions (Figure 5d).
A careful observation on the DRS spectra presented in

Figure 5a,c would reveal that the cobalt doped and co-doped
samples exhibit an absorption band in the 640−800 nm region,
not revealed by the undoped or Mn2+-incorporated ZnS
nanostructures. To analyze this behavior, the absorption
spectra of the samples in this spectral range are presented in
Figure 6a. As can be noticed, all the samples manifest broad
absorption in the 640−800 spectral range, with three well-
defined components. While the absorption corresponds to the
interband transition 4A2(

4F) → 4T1(
4P) of Co2+ ions (Figure

6b), its triplet structure is associated to the polarization
splitting of the “3d” orbitals for tetrahedrally coordinated Co2+

ions; that is, the triple degeneracy of the excited state is broken
by the influence of the closest ion neighbors because of the
orbital orientation with respect to the crystal lattice.56−58

To study the effect of Co2+ and Mn2+ ion incorporation on
the emission behavior of ZnS nanoparticles, the PL spectra of
the undoped and doped samples were recorded at room
temperature, by exciting the samples with a 325 nm He-Cd
laser (Figure 7). As can be seen, the emission spectra of the
undoped and Co-doped ZnS nanoparticles reveal a broad
emission extending from 360 to 600 nm, with a maximum
around 450 nm. This broad emission in ZnS nanostructures
has been frequently associated to deep and shallow defect
states associated to sulfur (VS) and zinc (VZn) vacancies in
ZnS, whose deconvolution (400, 444, 500, and 570 nm
emission components) is presented in the inset of Figure 7a.33

It should be noted that the intensity of this emission is
enhanced for the lowest Co2+ concentration (sample
ZnS:0.5Co), probably due to the introduction of shallow
electronic states in the ZnS band gap. However, with the
increase of Co2+ concentration (nominal), the intensity of the
emission decreased drastically. The observed reduction of
emission intensity can be associated to the non-radiative
transitions between the interband states of Co2+ ions,56,59 as
illustrated in Figure 9b. On the other hand, incorporated Co2+

ions can also form CoSx, which have emission bands in the
same spectral range,54 modifying the shape of the emission
band of the Co-doped ZnS nanoparticles.
Figure 7b depicts the PL spectra of Mn2+ doped and Co2+/

Mn2+ co-doped ZnS nanoparticles. As can be seen, Mn2+-
doped ZnS nanostructures reveal wider emission features
containing two intense emission bands. The blue emission
band centered around 450 nm corresponds to ZnS
nanostructures (as discussed earlier). The intensity of this
emission band increases gradually with the increase of Mn2+

concentration contrary to the change noted for Co2+ doping.
The other, relatively sharper emission band appeared around
600 nm, is associated to 4T1(G) →

6A1(S) interband transition
of Mn2+ ions.26,35,36,60 In most cases, the intensity of Mn2+

emissions exceeds the intensity of the emission from the host
material,61 making it difficult to have both contributions: the
blue emission plus the red emission at a same intensity order,
for optical applications. In order to avoid this problem, a
double-doping (co-doping) was carried out varying the Co2+/
Mn2+ ratio in the host ZnS nanostructures. Following the same
procedure, ZnS nanoparticles were synthesized with Co2+ and
Mn2+ co-doping, maintaining the nominal Co2+/Mn2+ molar
ratio 1:3 and 1:1. The nanostructures were denominated as
ZnS:0.25Co0.75Mn and ZnS:0.5Co0.5Mn. The emission
spectra of the doped and undoped samples were evaluated

Figure 4. Raman spectra of (a) Co2+, (b) Mn2+, and (c) Co2+/Mn2+

co-doped ZnS nanoparticles. All the principal vibrational modes
correspond to the cubic ZnS lattice.
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with respect to the tristimulus response of human eyes,
established by CIE 1931 standard to obtain their chromaticity
coordinates. The results are presented in Figure 7c, which
indicates that all the nanophosphors do not emit white light
under 325 nm excitation.
Room-temperature PL measurements were also carried out

on the doped and undoped nanostructures at lower energy
excitations, utilizing 350 and 370 nm emissions of a Xe arc-
lamp (Figure 8a,b) to promote transitions between different
near-band trap levels associated to intrinsic defects of ZnS33

and interband transitions of the dopant ions, as can be noticed
in Supporting Information Figures S1 and S2, in which the
deconvoluted spectra corresponding to doped and undoped
samples are presented. The spectra are composed of multiple
bands corresponding to VS → EV, Eg → VZn, VEg → VZn*, VS*
→ VZn, VS* → VZn* (396−400, 444, 500, 570, and 630 nm)
transitions of the host intrinsic defect levels, and the 4T1(

4G)
→ 6A1(

6S) of the Mn2+ ions (595 nm). CIE 1931 chromaticity
calculations were performed, and the results are plotted in
Figure 8c,d. Under 350 nm excitation, the Co2+ and Mn2+ co-
doped ZnS nanoparticles exhibit the blue emission of the ZnS
host (as discussed earlier), along with the interband emissions

of Mn2+ ions around 595 nm and defect emission around 500
nm. On the other hand, under 370 nm excitation, the host
emission band near 400 nm decreases, but the 500 nm band

Figure 5. DRS spectra of the doped and undoped ZnS (a,c) nanostructures and corresponding Kubelka−Munk plots (b,d).

Figure 6. Optical absorption spectra of the co-doped ZnS
nanoparticles (a) in the vis−NIR spectral range and (b) band
diagram of ZnS energy states and interband energy levels of Co2+ ions.

Figure 7. Room-temperature PL spectra of the (a) Co2+ doped and
(b) Mn2+ and Co2+/Mn2+ co-doped ZnS nanoparticles under 325 nm
laser excitation. (C) Chromaticity diagram of the doped and undoped
ZnS nanoparticles.
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exhibits a clear enhancement with respect to the higher energy
excitations. Moreover, the intensity of the red emission
associated with Mn2+ ions decreases.
As can be noticed (Figure 8c), the emission of the co-doped

sample with nominal Co2+/Mn2+ ion ratio 1:1 and
chromaticity coordinates (0.30,0.32) is very close to the
perfect white (0.33,0.33) coordinate in the chromaticity
diagram, when excited by 350 nm light (from Xe lamp).
This phenomenon can be explained by considering the effect
of excitation energy and the contribution of energy transfer
processes in the Co2+/Mn2+ co-doped ZnS nanostructures. A
higher energy of excitation (e.g. 325 nm laser excitation)
promotes the radiative transitions associated to band-to-band
transition, that is, from the conduction band to the valence
band, and the transitions from high energy defect (HD) states
to lower energy defect (LD) states of ZnS energy band. On the
other hand, lower energy excitations (e.g. 350 and 370 nm
excitations from Xe lamp) promote transitions from the HD
states to LD states, for all the doped and undoped ZnS
nanostructures.
The emission behavior of the doped nanostructures also

depends critically on the guest−host combination. As has been
evidenced by the results presented above, nonradiative energy
transfer from Mn2+ to Co2+ occurs in the co-doped
nanostructures, generating the possibility of emission tuning
through the manipulation of doping the ion ratio in the host
lattice, along with the adjustment in the energy of exciting
radiation (Figures 7c and 8c,d). The energy transfer process
has been discussed in detail in the following subsection.
In order to explain the observed (Figures 7b and 8a)

emission tuning of doped ZnS nanoparticles through intensity
modulation of Mn2+ ion interband emission by the
introduction of Co2+ ions, it was necessary to study if an
energy transfer process occurs from Mn2+ to Co2+ ions,37,62,63

which allows us to control the emission intensity of the
nanophosphor by varying the nominal concentration of the
two dopants. As can be seen in Figure 9a, the interband
emission of Mn2+ ion and interband absorption of Co2+ ion
overlap each other, which is the principal criterion for the

energy transfer process between the two ions. The rnergy
transfer between the two ions occurs possibly through the
transitions

[ ] + [ ]

→ [ ] + [ ]

+ +

+ +

T( G) Mn A ( F) Co

A ( S) Mn T( P) Co
1

4 4 2
2

4 4 2

1
6 6 2

1
4 4 2

(8)

The details of the energy transfer process have been
schematically presented in Figure 9b, in which the energy of
the relaxation (a) VS → Ev is equivalent to the absorption (1)
6A1(

6S) → 4E(4D) of the Mn2+ ions, and the Mn2+ relaxation
(b) 4T1(

4G) → 6A1(
6S) and the absorption (2) 4A2(

4F) →
4T1(

4P) of Co2+ are in the same order of energy; in this way,
(a) → (1) represents the mechanism of excitation of the Mn2+

ions, and (b) → (2) represents the possible mechanism of the
energy transfer between Mn2+ and Co2+.
For a better understanding of the Mn2+ to Co2+ energy

transfer process, the decay profiles of Mn2+ ion emission in the
singly doped ZnS (ZnS:0.5Mn) and double doped samples
(ZnS:0.25Co0.75Mn and ZnS:0.5Co0.5Mn) were recorded at
the room temperature. Figure 10 presents the time-resolved
decay profiles of 595 nm emission of Mn2+ ions upon 350 nm
excitation.

Because of the nonexponential evolution of the Mn2+

emissions, the average lifetimes were calculated utilizing the
relation64

∫
∫

τ =
I t t

I t t t

( )d

( ) d (9)

Figure 8. Room-temperature PL spectra of ZnS and ZnS:CoMn
samples under Xe lamp excitation at (a) λ = 350 nm and (b) λ = 370
nm (b). (c,d) Corresponding CIE1931 chromaticity coordinates.

Figure 9. (a) Room-temperature emission spectrum of Mn2+ ions (in
ZnS:0.5Mn sample, under 350 nm excitation) and absorption
spectrum of Co2+ ions (in ZnS:0.5Co sample), and (b) electronic
transitions between the intrinsic defects of the host, excitation
mechanism of the Mn2+ ions (a) → (1) and possible energy transfer
process between Mn2+ and Co2+ ions (b) → (2).

Figure 10. Room-temperature time resolved fluorescence of
ZnS:0.5Mn sample (a) and decay profiles of ZnS nanoparticles
doped with different ratios of Co2+ and Mn2+ ions (b).
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where t is the time and I(t) is the time dependence of the
intensity. The average decay times of the emission were
estimated to be 4.68, 4.52, and 4.38 ms, in the single-doped
ZnS:0.5Mn, co-doped ZnS:0.25Co0.75Mn samples, and co-
doped ZnS:0.5Co0.5Mn samples, respectively. The shorter
decay time for the co-doped samples is due to a non-radiative
energy transfer from Mn2+ to Co2+. The η and PMC, efficiency
and probability of the energy transfer respectively, could be
estimated using the relation65

η
τ
τ

= −1 MC

M (10)

τ τ
= −→P

1 1
Mn Co

(MC) M (11)

where τMC is the average lifetime of the co-doped sample and
τM is the average lifetime of the singly doped sample. The
efficiencies and probabilities values of the energy transfer are
listed in Table 2, which indicates Mn2+ → Co2+ is more
probable for the ZnS:0.5CoMn0.5 sample.

To analyze the main mechanism through which the energy
transfer occurs, the time profile of the co-doped samples was
fitted to the Inokuti and Hirayama model (H−I) for the
4T1(

4G) → 6A1(
6S) emission of Mn2+ at 595 nm. This model

describes the process of energy transfer from donor to acceptor
ions, taking into consideration that it is much faster than the
energy diffusion among donor ions. For multipolar interaction,
the temporal dependence of the Mn2+ emission can be fitted
using the relation65,66

= τ γ− −I t I( ) e t t
0

( / )S
M s

3/

(12)

where I0 is the intensity at t = 0, τM is the donor (Mn2+)
lifetime in the absence of acceptors (Co2+), γS is a measure of
the direct energy transfer, and S is the multipolar interaction
parameter. The value of the S parameter is related with the
dipole−dipole, dipole−quadrupole, and quadrupole−quadru-
pole interactions, for S = 6, 8, and 10, respectively; the best
fitting of the time profile spectrum varying the S value indicates
the dominant multipole interaction. For both the co-doped
s amp l e s (F i gu r e 11 ) ZnS : 0 . 25Co0 . 75Mn and
ZnS:0.5Co0.5Mn, the best fitting was obtained for S = 10
with γ10 = 0.61 s−1/2 and γ10 = 0.70 s−1/2. The low efficiency
with which the nonradiative energy transfer Mn2+ → Co2+

occurs is consistent with the result that the dominant
mechanism of interaction through which this energy transfer
occurs is by means of a quadrupole−quadrupole type.
The singly Mn2+ ion doped ZnS nanoparticles revealed a

characteristic recombination lifetime of τM = 4.68 ms. As can
be noticed, the value of the lifetime changes on incorporating
Co2+ ions. While a change in the carrier lifetime of the
interband emission of Mn2+ ions into the co-doped nano-
phosphor evidences the energy transfer process between the
two dopant ions, its variation with Co2+ ion concentration in

the nanocrystals is due to the introduction of higher number of
defect states into the energy band gap of the host structure,
producing changes in the ion−host interactions.62,66 The
emission behaviors displayed by the fabricated nanophosphors
indicate that ZnS:0.5Mn and ZnS:0.5Co0.5Mn nanoparticles
can be utilized as warm and cold white light emitters,
respectively, under 350 nm UV excitation.

■ CONCLUSIONS

Through a combined co-precipitation−hydrothermal process,
we could synthesis small (4 nm size), well-dispersed ZnS
nanoparticles of good crystallinity. Transition metal ions such
as Mn2+ and Co2+ of different nominal mol % could be
incorporated to tune the emission behavior of the nanocrystals.
While the undoped ZnS nanoparticles exhibit their intrinsic
defect emission in the blue spectral region, incorporation of
Co2+ ions enhances the emission, creating deep level defect
states in their energy band gap. Incorporation of Mn2+ ions
induces red emission to the nanostructures associated to
4T1(

4G) → 6A1(
6S) interband transition. The red emission of

the Mn2+ ion doped ZnS nanocrystals could be modulated by
Co2+ ion co-doping, taking advantage of the energy transfer
from Mn2+ to Co2+ ions. By controlling the molar
concentrations of Co2+ and Mn2+ ions, the emission character-
istics of the co-doped ZnS nanocrystals could be tuned to emit
in the visible spectral region. Because of intense PL emission in
the visible spectral region, the synthesized nanostructures can
be utilized as white emitting phosphors to fabricate display
devices.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10890.

Deconvolution of PL spectra corresponding to doped
and undoped ZnS nanoparticles under 350 and 370 nm
UV excitationand the components of each deconvoluted
spectrum are associated to transitions between defect
levels of the ZnS structure and interatomic levels of
dopants, depicted in the energy diagram of each figure
(PDF)

Table 2. Estimated Carrier Lifetime in Mn2+ and Co2+/Mn2+

Co-Doped ZnS Nanoparticles

sample τ (ms) η PMC γ10

ZnS:0.5Mn 4.68
ZnS:0.25Co0.75Mn 4.52 0.03 7.97 0.61
ZnS:0.5Co0.5Mn 4.38 0.06 14.67 0.70

Figure 11. Room-temperature PL decay profiles fitting with the
Inokuti and Hirayama model (I−H) of ZnS nanoparticles doped with
different ratios of Co2+ and Mn2+ ions, 1:3 (a) and 1:1 (b), showing
the variation of the S parameter.
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Doǧan, S.; Avrutin, V.; Cho, S. J.; Morkoc,̧ H. A Comprehensive
Review of ZnO Materials and Devices. J. Appl. Phys. 2005, 98,
041301.
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