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ABSTRACT

Mn added ZnS (Zngo;Mngo3S) and Mn—Cr-doped ZnS (ZngosMng g3Cro.025)
nanostructures were synthesized by co-precipitation process. XRD pattern con-
firmed the cubic phase with highest intensity along (111) orientation. The
shrinkage of crystallite size from 36 A (Zng.97Mng 3S) to 26 A (Zng.95sMng 03Crg 02S)
and the influence of Cr/Mn on microstructural, optical and photoluminescence
properties in ZnS were investigated. The substitution of Cr in Zng 9yMny ¢35 lattice
not only diminished the crystallite size and also produced more defect-associated
luminescent activation centres. The elevated micro-strain from 9.71 x 107
(Zng.oyMng 03S) to 13.11 x 1072 (Zng.9sMng ¢3Cro 025) by Cr substitution is due to
the decrease of size and the higher micro-strain at Cr = 2% is owing to the drop off
of activation energy which is originated from higher electro-negativity of Cr ions
than Zn>* ions. The enhanced lattice parameters by Cr doping may be due to the
coexistence of both Cr’* ions and Cr** ions where the existence of Cr*" ions is
higher than Cr>* jons and substitute Zn>* basic ions with the ionic radius of 0.74 A
in the Zn-Mn-S host lattice. The presence of Zn**, Mn®* and Cr°* ions in Zn-Mn-—
Cr-S lattice was confirmed by XPS spectra. SEM/TEM micrographs explored the
microstructure and confirmed the sized reduction by Cr doping. The elevation in
band gap from 3.50 eV (Zngo;Mngo3S) to 3.63 eV (ZngosMng 03Cro oS, AE,.

~ 0.13 eV) by Cr addition was explained by Burstein-Moss effect and reduced
crystallite size. The tuning of band gap and crystallite size of basic ZnS nanos-
tructure by Mn/Cr substitution encourages these materials for modern electronic
applications. FTIR spectra established the occurrence of Mn/Cr in Zn-S lattice by
their characteristic bondings. The elevated yellowish-orange emission at 594 nm
in Mn/Cr substituted ZnS is due to the exchange communication among the s—
pelectron states of Cr’*, Mn”*" and Zn?*" ions in Zn-S lattice. The inclusion of Mn /
Cr provides an efficient control over modification of various emissions which
suggests their applications in organic LED materials.
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1 Introduction

Recently, group II-VI semiconducting materials
exhibit great scientific and technological significance
within different family of semiconductors because of
their numerous practical applications in science and
technology [1-4]. Quantum dots (QDs) are semicon-
ducting material of nano-scale dimensions with dis-
tinctive properties determined by its size. Yang et al.
[5] investigated N and S heavily doped carbon QDs
(CQDs) with size around 1-6 nm which had better
photoluminescence (PL) performance and better
sensitive to Cu*" and Hg?*, respectively. Selenium
added graphene QDs [6] with size around 1-5 nm
possessed a quantum field of 0.29 and a PL lifetime of
3.44 nm which guaranteed a better selectivity for the
fluorescent switch. Wang et al. [7] reported the con-
trolled PL behavior in sulfur-doped GQDs by tuning
the S concentrations. Huang and their co-workers [8]
developed a weak electrolyte-based electrochemical
method to enhance the oxidation and cutting process
and achieved a better yield of GQDs.

Porous based graphene (PGN) showed an out-
standing performance in PGN-based
detectable molecule separation or other biomedical
applications [9]. Zhu and their co-workers [10]
demonstrated that graphene oxide can be oxidized
and cut into GQDs by hydroxyl radicals. Back-gated
field-effect transistors made of single-layer C;N
exhibited an on-off current ratio reaching 5.5 x 10"
[11]. The challenges of developing solid-state PL
CQDs induced a great curiosity among research
people [12]. Nitrogen-based CD probes can also dis-
tinguish tumor cells from normal cells and be used to
evaluate their proliferation activity [13].

ZnC0,04~Co30, nano-composite was prepared
using a green reducer and stabilizer (Phoenix
dactylifera extract) [14]. The nano-composite was
used as a photo-catalyst for different dyes like Rho-
damine B, Acid Black 1 and phenol red under visible
illumination. The photo-catalytic yield was extremely
efficient. The results described that 100, 95.7 and
100% of Rhodamine B, Acid Black 1 and phenol red
as target contaminants were degraded utilizing
ZnCo0,0,—~Co0304 under 75 min of visible radiation.
Moreover, the ZnCo0,0,~Co3;0, composite possessed
excellent stability and re-cyclability without any
obvious decrease in the catalytic yield until 9 runs.
Eco-friendly and green synthesized route is used
prepare RGO/Cu nanocomposite by the reduction
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of GO and Cu®*" [15]. The photo-catalytic results
revealed that RGO/Cu is an effective catalyst for
reducing organic pollutants. The present sample
removes the dyes like Rhodamine B and MB as 91.0
and 72.0%, respectively.

The oxide, PbWO,, was prepared using sono-
chemical route with maltose as a capping agent [16].
Usage of UV radiation using PbWO, gave the photo-
catalytic yield of 93%. Holmium oxide nanoparticles
were synthesized using precipitation route with tri-
ethyle-netetramine as a precipitant [17]. The capping
agent plays an effective role in shape, size and photo-
catalytic control. The photo-catalytic activity of hol-
mium oxide has been compared in the degradation of
methyl violet pollutant under UV irradiation. Dy,.
Ce,O7 nanostructure was developed using salt-as-
sistant combustion way [18]. The size and
morphology of the synthesized oxide was controlled
by a kind of amino acid. The photo-catalytic activity
of Dy,Ce,O; was evaluated by degradation of eosin
Y dye as water contaminant under UV illumination.

Among the different semiconducting materials,
ZnS is the significant one due to its unique properties
[19] and applications [20-22]. The two most common
forms of ZnS are zinc blende and wurtzite structure
where the energy gap varied between 3.72 and
3.77 eV [23, 24]. Moreover, ZnS have the elevated
transmittance in the higher wavelength and signifi-
cantly huge exciton binding energy and so helpful for
manipulating well-organized optoelectronic device
applications [25-27]. By its unique features and
characteristics, ZnS can be employed in an extensive
spectrum of different applications like solar cells,
photo-voltaics, sensors, electroluminescence devices,
modern emitting diodes, and lasers [28, 29].

The intentional doping of metal ions into ZnS is
fundamental to modify the optical nature of semi-
conducting materials by building innovative quan-
tum states between two bands of semiconductors
[30, 31]. ZnS is believed as a suitable host material for
optically dynamic elements like transition metal (TM)
ions, which can fascinatingly provoke an impressive
change in energy level structures, surface activities,
visual and electrical characteristics and stimulates its
transition probabilities [32-34]. In opto-electronic
applications, it is essential that the doping element
enclose a deep energy level and elevated voltage
stability. Therefore, TM ions can be chosen as a
suitable element due to the extraordinary properties
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accessible by an inclusion into ZnS basic lattice
[34, 35].

The modified and improved property of ZnS by the
addition of TM element has created an immense
curiosity in the possibility to alter and elevate their
optical and micro-structural properties for their sci-
entific and industrial applications [36]. Among the
various possible TM ions, Mn*" is considered as the
doping agents owing to its extraordinary lumines-
cence characters using in optical sensors, phosphors,
lasers, fluorescence bio-imaging and displays [37, 38].
The ionic radius and the ionic charge of Mn®" ion is
very close to Zn*" ion. Moreover, Mn*" occupies the
various sites of ZnS lattice and stimulates the con-
siderable modification in its optical, structural,
microstructure, electronic properties [39-41]. Up to
now, an immense deal of hard work has been paid to
inspect the optical nature and structure of Mn-doped
ZnS semiconducting material due to its excellent
thermal and photo-stability.

Bhargava et al. [42] achieved the superior quantum
efficiencies and better lifetime shortening by Mn in Zn-
S lattice. Kripal [43] studied the luminescence and
conductivity nature of Mn substituted ZnS nanos-
tructures and they noticed that the photo-sensitivity
was enhanced by Mn*" into ZnS system. A noticeable
increase in visible transmittance and a small decline in
resistivity by Mn?* in ZnS were found by Jrad [44].
Goudarzi et al. [45] described that the insertion of Mn
occupied the substitutional position of Zn and modi-
fied the energy level of ZnS which promotes the ele-
vated luminescence properties. The luminescence and
photo-catalytic studies carried out by Nasser [46] in
Mn/ZnS described that the inclusion of Mn** stimu-
lates the charge separation and activate the photo-
catalytic activity of Mn-doped ZnS. From the literature
it is understood that the higher percentage of Mn
produced the secondary phase generation. To avoid
the secondary phase generation, Mn level is optimized
as 3% (Zn0.97M1'10_3S).

The addition of two or more elements through ZnS
causes a significant progression in PL, energy gap,
size and charge transport properties. Doping at
higher percentage with no secondary phase or
metallic cluster is achieved by the addition of two or
more suitable TM ions [47]. In this work, Cr is chosen
as the 2nd doping element because it can easily enters
into ZnS lattice [48] and enhanced the stability of ZnS
[49]. The higher doping percentage without sec-
ondary phase is achieved by Cr doping. The Cr
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percentage is limited to 2% and it is attained by fixing
the appropriate of quantity of precursors. Moreover,
the addition of Cr*" through ZnS stimulates the dif-
ferent special defect sites in the lattice owing to the
dissimilarities among Cr’* and Zn®*" ions. Poor-
naprakash reported the disappearance of blue emis-
sion bands and appearance of RTFM by Cr addition
in ZnS [50]. Recently, Ageel et al. [51] described that
Cr added ZnS performed the superior photo-catalytic
behavior and hence they may use as an effective one
for the elimination of environmental pollutants.

Lattice contraction and the enhancement of energy
levels were reported by Reddy et al. [52] in ZnS with
increase of Cr concentrations. Yang et al. [53] noticed
the strong emissions around 515-560 nm region in
Co®*, Cu*" dual doped ZnS nanostructure. The PL
intensity of dual-doped material is considerably supe-
rior than ZnS. Liu et al. [54] reported the red radiation
emission in Mn—Cd dual-doped ZnS nanostructures.
Yang etal. [55] described the PL characteristics of Ni**/
Mn**-doped ZnS. The similar PL studies were made on
Mn, Pr co-doped ZnS [56], Co—Cu-doped ZnS [57], Cu-
Mn-doped ZnS nanostructures [58].

The optical, structural, and magnetic studies on Mn
single-doped ZnS [36-46], Cr single added ZnS
[45-48] and some other TM dual-doped ZnS [53-58]
were reported in the literature. But, the comprehen-
sive investigation of optical, morphological and
emission characters on Cr, Mn dual-doped ZnS is
almost scanty. In this work, Zngo;MngoS and
Zng9sMng 03Crp 02S quantum dots (QDs) were syn-
thesized by co-precipitation route. In this work, co-
precipitation is chosen to prepare Mn/Cr-doped ZnS
QDs because it is a simple, economical and indus-
trially viable technique [59-63] to prepare techno-
logically important ZnS-based materials. The
structural, spectral, morphological and PL properties
of the Mn**/Cr*"-doped ZnS QDs are characterized
systematically to achieve the better insight about the
crystal nature, morphology, bonding nature, energy
gap and emission properties.

2 Experimental details

2.1 Preparation of Znj9;Mng ¢3S
and Zng 95Mng ¢3Cr,02S QDs

The preparation of Zngo;Mng3S and ZngosMng o3-
Crp.025 QDs has been carried out by co-precipitation
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route. Zinc acetate (Zn(CH3;COO),-2H,0), Na,S,
manganese acetate (Mn(CH;COO),-2H,0) and chro-
mium acetate dihydrate (Cr (CH3COO)2-2H20) are
employed as resource materials for Zn**, $*~, Mn*"
and Cr’" ions, respectively. The ultra-pure de-ion-
ized water used as solvent. All the chemicals were
bought from M/s. Merck and utilized without addi-
tional purification since they possessed analytical
grade (AR) with 99.99% purity. The molar quantities
were taken as per the targeted doping concentration
i.e. the doping composition of Mn*" is fixed as 3%
and Cr’* fixed as 2% to prepare Zng9sMng 03Cro 025
QDs. The source materials were weighed as per the
expected compositions and dissolved in 100 ml ultra-
pure de-ionized water. Separate solutions of man-
ganese acetate, chromium chloride, zinc acetate and
NayS were prepared. The preparative technique is
reported in the literature [64].

For the synthesis of ZngosMng3CropS QDs,
0.95M Zn(CH3CO0),-2H,O and 0.03 M Zn(CHs.
COO0),-2H,0 were slowly dissolved one by one in
100 ml water under constant stirring to obtain clear
and homogeneous solution. After getting homoge-
neous solution, 0.02 M chromium acetate dihydrate
was mixed at constant stirring. A separate solution
made by mixing 1 M sodium sulfide in 100 ml water
is dissolved with the previous solution. The solution
was mixed drop wise to the initial solution under
constant stirring of 1000 rpm for 8 h at 60 °C as in
Fig. 1.

The preparation process is depending on the slow
release of Zn**, Mn?*, Cr>* and S*~ ions in the final
solution. The ions condense on an ion—ion basis in the
solution. Aqueous ammonia solution was mixed to
keep the pH of the mixer solution as 9. After 8 h, a
light greenish white precipitate was deposited at the
bottom portion of the flask. The final precipitates
after complete reaction have been filtered out using
fine filter paper and washed several time using
methanol and de-ionized double distilled water to
purify the samples i.e., eliminate the un-wanted
impurities. The resultant product was dehydrated by
keeping it into a furnace at 60 °C for 7 h. The dried
output was taken out and crushed well with help of
agar mortar. All the chemical reaction process was
carried out at room temperature.
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Zn(CH3COO)z.2H20 Nazs
+ — [ +

Ultra pure de-ionized water Ultra pure de-ionized water

Mn(CH3C0OO0)2.2H,0 CrCl3-6H20
+ +

Ultra pure de-ionized water Ultra pure de-ionized water

|

=2
Zn(CH3C00)2.2H.0 + NazS +
Mn(CH3C00),.2H.0 + CrCl3-6H20
(drop wise mixture)

A1
Continuous stirring
for8 h

Precipitation

Drying & Grinding

Mn/Cr doped ZnS
Quantum dots (QDs)

Fig. 1 Flow chart for the preparation of Mn/Cr-doped ZnS
nanostructures using co-precipitation route

2.2 Characterization techniques

X-ray diffractometer (XRD) was employed to explore
crystal structure of Zngo;MngosS and ZnggsMng 3.
Cr.025S QDs. The diffracted patterns were recorded by
RigaKuC/max-2500 diffractometer using CuKa radi-
ation (1 =15406 A) at 40kV and 30 mA from
26 = 20° to 70°. The morphology of the prepared QDs
were recorded using scanning electron microscope
(Make: JEOLJSM, Model: 6390) and transmission
electron microscopy (Make: Philips, Model: CM200-
FEG).

The efficiency of the doping ions in the ZnS was
verified. The presence of the metal elements was
confirmed by X-ray photoelectron spectroscopy (XPS)
(Perkin-Elmer PHI 1600 ESCA) with a monochro-
matic Mg Ko X-ray source (hv = 1486.6 eV) and
manual point control object with a scanning rate of
0.5 eV. The FTIR studies were done by Fourier
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transform infra-red (FTIR) spectrometer (Model:
Perkin Elmer, Make: Spectrum RX I) from 400 to
4000 cm™'. Pellets were made by mixing the
nanoparticles with KBr at 1 wt%.

The UV-visible absorption studies were made to
examine their optical properties using UV-visible
spectrometer (Model: lambda 35, Make: Perkin
Elmer) from 310 to 550 nm at room temperature.
Room-temperature PL studies were carried out
(Model: Hitachi, Make: F-2500) from 345 to 700 nm at
excitation wavelength of 330 nm and power of 150 W
to study the emission properties.

3 Results and discussion
3.1 XRD—structural analysis

Figure 2 represents a typical XRD pattern of Znggo;.
Mng 3S and ZnggsMng g3Crg oS QDs. The obtained
XRD patterns exhibit three strong and wide peaks
which reflect the nano-crystalline nature of the
material [65]. It has been noticed from Fig. 2 that the
orientation along (111) plane is preferred one than the
orientations such as (220) and (311) because of its
high intensity. The obtained major XRD peaks mat-
ched well with the JCPDS card No. 80-0020 with
lattice parameter a ~ 0.5311 A. The well-broadened
XRD peaks clearly showed the cubic structure of the

1700 =

(111) . Zno.97Mno.03S
)
& =
1300 = N =
™
—_— N
("]
i
S 900 = 5
3 :
o ! H i
= - i H
S, 500 —— : .
= 1500 =
® [Zno.9sMno.03Cro.02S]
c
(]
e
£

20 (degrees)

Fig. 2 The XRD pattem Zn0'97Mn0'03S and Zn0'95Mn0'03Cr0'02S
nanostructures from 20 to 70°
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sample. The similar cubic phase was noticed by
Sakthivel et al. [65] in Mn and Cr-doped ZnS.

The absence of secondary or other impurity phases
associated to Cr/Mn metals or its oxides confirmed
that both Mn*" and Cr’" ions are properly substi-
tuted into the ZnS lattice. No peaks corresponding to
strange elements or impurities found in Fig. 2 veri-
fied the phase purity of the synthesized samples and
also confirmed that the substitution of Mn** and Cr’*
in Zn-S lattice not changed the original cubic struc-
ture of the material. Table 1 presents the values of
peak intensity, peak position (20), full width at half
maximum (FWHM, B) value, d value, lattice param-
eter ‘a’, crystallite size (D) and micro-strain (g) along
(111) plane of Zn0.97Mn0.03S and Zl’lo_95Mn0A03CI‘0.ozs
nanostructures.

Generally, the FWHM of any XRD orientation is
inversely proportional to the crystallite size. In the
present investigation, Cr addition into Zngo;Mng 35
enhances the FWHM from 2.3° to 3.1° (ZngosMng o3-
Cry.025). The increase of FWHM along (111) orienta-
tion by the addition of Cr is responsible for the
shrinkage of crystallite size as illustrated in Table 1.
The peak position along (111) plane of Zngo;Mng 35S
QDs is shifted to smaller 20 side by the inclusion of
Cr in the Zn-Mn-S lattice. But, Kaur et al. [66]
reported that the peak shift is along higher 26 side by
Cr addition in ZnS nanostructure. The peak position
shift along smaller 20 side by Cr addition may pos-
sibly owing to the dissimilarity among the ionic radii
between Cr, Zn, and Mn ions [67]. The size of the
QDs are estimated by Scherrer relation [68],

Crystalline size (D) = 0‘9;”/( B cos 0) (1)

Here, A is the X-wavelength used, B is the angular
peak width at half maximum along (111) plane and 0
is the Bragg’s diffraction angle. Similarly, the Micro-
strain (¢) provoked in the Zn-Mn—Cr-S lattice is cal-
culated with the help of the relation [69],

Micro-strain (&) = (ff cos 0)/4 (2)

The derived crystallite size from the Debye relation
(seen from Table 1) is diminished from 36 A (Zng 9.
Mng 3S) to 26 A (Zng 95sMny 3Crg 2S) by the inclusion
of tiny quantity of Cr (Cr = 2%). The elevated FWHM
by Cr doping supports the present shrinkage of size.
The value of micro-strain obtained from the above
relation is increased from 9.71 x 10~ (Zng.oyMng 03S)
to 13.11 x 107 (ZngosMngpsCrog.S). The current
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Table 1 The peak intensity, peak position (20), FWHM, B value, d value, lattice parameter ’a’, crystallite size (D) and micro-strain (g)

along (111) plane of Zng 97Mng ¢3S and Zngy 9sMng 93Crg02S QDs

Samples Peak intensity Peak position FWHM dainy Lattice parameter, — Crystallite size ~ Micro-strain
(counts) (26) ) B © Ay (A (D) (A) (€) x 107

Zngy.97Mng o3S 1702 29.1 2.3 3.066 5.311 36 9.71

Zn0.95Mn0.03cr0.028 1518 28.6 3.1 3.119 5.404 26 13.11

"JCPDS card No. 80—0
#a = 5406 A—JCPDS card No. 05-0566

enhancement in micro-strain by Cr substitution is
also responsible for the decrease of size and the
higher micro-strain at Cr = 2% is due to the drop off
of activation energy which is originated from higher
electro-negativity of Cr ions than Zn*" ions [70]. The
drop off of the activation energy and the enhanced
micro-strain [71] by the Cr inclusion in Zn-Mn-Cr-S
lattice deteriorate the crystal and hence suppress the
crystal size.

In general, the alteration in lattice constants and
inter-planar distance depends upon the nature of
dopants and its concentrations, the defect states and
strain/stress induced by the dopant in the host lattice
and the variation in ionic radii between the dopant
and Zn*" [72]. The lattice parameter ‘a’ is attained by
the relation,

~1/2

g = [0F + R+ )] )

Here, d is lattice spacing, h, k, 1 are miller indices.
Figure 3 shows the alteration in lattice parameter ‘a’
and crystallite size for Zngo;MngesS and

5.42 37
=
© <
© 5.38 — ~33 o
<t N
) ‘»
£ [
m - at .
E Lattice constant 'a c llite si =
8 rystallite size ‘.—g
O 5.34 = —
3 29 g,
= (&)
©
|

5.30 25

| |
Zno.97Mno.03S ZnN0.95sMno.03Cro.02S

Fig. 3 The variation of lattice constant ’a’ and crystallite size of
Zny 97Mnyg 3S and Zng 9sMnyg g3Crg oS nanostructures

Zng 9sMny 03Crg 025 QDs. Both the lattice parameter "a’
and inter-planner distance ‘d’ are increased by Cr
incorporation in Zn-Mn-S lattice. Generally, two
forms of Cr ions are possible, first one is Cr’" ion
which has ionic radius of ~ 0.63 A and the second
one is Cr** ion which possesses the ionic radius of ~
0.89 A. The noticed increment in lattice parameters as
shown in Table 1 and Fig. 3 may be due to the
coexistence of both Cr’" ions and Cr** ions where the
existence of Cr** ions is higher than Cr’" ions and
substitute Zn*" basic ions with the ionic radius of
0.74 A in the Zn-Mn-S host lattice [73].

3.2 SEM and TEM—morphological study

Figure 4a represents the SEM image i.e., the typical
surface microstructure of ZnggyMnggS QDs. The
morphology of ZngoyMngp3S QDs shows uneven

Fig. 4 SEM microstructures
b Zng 9sMng g3Crg 0,S nanostructures

of a Zno‘97Mn0_03S and
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sized and irregular shaped particles which may be
owing to the agglomeration between the grains. Fig-
ure 4b shows the surface morphology of Zngos.
Mnyg 03Cr0,025 QDs with a huge distribution of tiny
sized grains on the surface with cluster form. The
addition of Cr into Zn-Mn-S lattice creates a strong
agglomeration with small sized particles. The real
size of the particles/grains cannot be estimated from
the current SEM images due to its limitation by the
agglomeration and the resolution of the instrument.

TEM micrographs have been taken to get the better
understanding about the grain size and shape of the
particles. The typical TEM images of Zngo;Mng 35S
and Cr-doped Zngo;Mng 035 QDs are listed in Fig. 5.
Figure 5a displays the micro-structural image of
Znp9yMng i3S QDs which possesses the mixture of
spherical, square, and hexagonal shaped structure
with un-even gain size. The shape and size of the
particles/grains in the Mn-doped ZnS QDs are
irregular and chaotic nature. Figure 5b shows the
morphology of Zng9sMng ¢3Cr 025 QDs. It is detected
from Fig. 4b that during the incorporation of Cr in
Zng 9yMny (35S, the morphology of the agglomerations
be likely to be more spherical with considerable
reduction in size. TEM micrograph of ZngosMng o3-
CrgS QDs displays the small sized grains dis-
tributed over the microstructures due to the drop off
of its surface energy by Cr addition.

Fig. 5 TEM microstructures of a and

Zng 97Mng 035
SAED patterns of
C Zn0,97Mn0,03S and d Zn0,95Mn0,03Cr0,OZS nanostructures

b  Zng9sMng 3Cry0»S nanostructures.
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TEM is employed to explore the minerals at ele-
vated magnifications, with significant added infor-
mation  presented by  selected-area electron
diffraction (SAED) patterns. SAED patterns are par-
ticularly helpful for the examination of minute crys-
tals and partially disordered material with few
hundred A. SAED pattern of Zngg;Mng S and
Znp 95Mng 03Cro 02S nanostructures are illustrated in
Fig. 5c and d, respectively. The three rings corre-
sponding to (h k 1) orientations agreed well with the
XRD pattern. Among the three orientations, namely,
(111), (22) and (311), the (111) orientation is very
bright which verifies the prime peak value of XRD.
Adjacent orientations are similar successive peaks of
XRD pattern. All SAED patterns convey the cubic
phase of the prepared samples, which is in better
agreement with the noticed XRD pattern.

3.3 EDX—compositional analysis

EDX examination has been taken out to evaluate the
basic element composition and the basic elements
like Zn, S, Mn and Cr of the samples [74] with an
appropriate stoichiometric composition. The basic
and fundamental elemental mapping analysis of Mn/
Cr doped ZnS by EDX spectra is presented in Fig. 6.
The inset of Fig. 6 exhibits the atomic % of the ele-
ments like Zn, Mn, Cr and S in Mn/Cr doped ZnS
nanostructures. The quantitative examination of
atomic % of the elemental composition in of Zng ;.
Mny (35S and Zng 9sMny ¢3Crg 025 nanostructures using
EDX investigation is presented in Table 2.

Mn/(Zn + Mn + Cr) ratio is found to be 2.94%
and 3.05% for Zn0_97Mn0_03S and Zn0‘95Mn0.03Cr0,025
nanostructures, respectively. Moreover, Cr/(Zn +
Mn + Cr) ratio derived in ZngosMng o3Cro. S is ~
2.04%. The atomic % of Zn gradually decreased and
also Cr level enhanced by Cr substitution which
evidently indicates that the Cr ions are properly
substituted into Zn-Mn-S lattice. The experiential
results are almost equivalent to their stoichiometry
with the least amount variation from the real values.

3.4 X-ray photoelectron spectroscopy (XPS)

XPS is useful to explore the doping elements and
verify the valence state of Zn, Mn and Cr ions in Zn-S
lattice at their equivalent binding energy. Figure 7
presents the derived XPS spectra of the Zn 2p, Mn 2p
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Fig. 6 EDX spectra of a Zng 97Mng (3S and
b Zngy9sMng (3Crg02S nanostructures. The inset shows the
atomic percentage of the constituent elements present in the
sample

and Cr 2p core levels. The presence of Mn and Cr is
confirmed by Mn 2p and Cr 2p XPS peaks.

Figure 7a shows the overall XPS spectra of Mn, Cr
doped ZnS which contains the peaks corresponding
to S*7, Cr’*, Mn** and Zn**. The higher resolution
spectra of XPS spectra of Cr 2p have been revealed in
the inset of Fig. 7a where the peak of Cr 2p;,, is
located at 577 eV [75]. The location of Cr 2p;,, peak is
different from those of 574.2 eV corresponding to Cr
metal, 579.0 eV for Cr®" and 576.0 eV for Cr?t,
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however it is close to the location of Cr 2ps,
(576.7 €V) in Cr,Oj3 [48]. It recommends that the Cr
elements are included into the Zn-S lattice as Cr’*
ions. The intensity of Cr 2p;,, peak is higher than Cr
2p3/2. The main reason is the presence of XPS pho-
toelectron corresponding to Cr 2p;,, situated at
585.2 eV [76].

Figure 7b shows the Zn 2p spectra of Mn/Cr-
doped ZnS which exhibits two peaks, first peak
around 1022 eV corresponding to 2p3,, and the
another peak around 1046 eV corresponding to 2p; /5.
The peak locations corresponding to 2pz,, and 2p;,»
state of Zn confirms the existence of Zn?**, which
accurately equivalent to the binding energy of Zn-S
bonding [77]. The peak corresponding to S 2p state
with binding energy around 162 eV as in Fig. 7 con-
firms the occurrence of Zn** in Zn-S lattice [78]. The
existence of Mn is confirmed from the Mn 2p spectra
within the binding energy range of 630-660 eV as
displayed in Fig. 6c. It is noticed from Fig. 6c that the
intensity of Mn 2p states weak. The observed peaks
in the region of 642 eV and 654.2 eV related to the Mn
2p spectra verify the existence of Mn in the Zn—-Cr-S
lattice and these Mn”" ions could play as substitutes
for the Zn atoms or as interstitial one [53].

3.5 Fourier transform infrared (FTIR)
studies

The FTIR spectra of Zngo;Mng ¢3S and ZngosMng o3-
Crp02S nanostructures are presented in Fig. 8 from
400 cm™' to 4000 cm™' and their wave number
assignments are listed in Table 3. The wide and the
broad absorption bands in the synthesized samples
within the wave number range of 3350-3450 cm ™' are
associated to O-H stretching vibration of water [4].
The strong absorption bands ~ 1574-1598 cm ™' are
accountable for O-H bending vibration [79]. The
bands around 1122 cm™' and 1023-1026 cm™' are

correlated to the substitution of Cr/Mn in Zn location

Table 2 The quantitative analysis of atomic percentage of the compositional elements in of Zngo7Mng 3S and Zng9sMng g3Cro02S

nanostructures using EDX analysis

Samples Atomic percentage of the elements (%) Mn/(Mn + Zn + Cr) ratio Cr/(Mn + Zn + Cr) ratio
(%) (%)
Zn S Mn Cr
Zn0_97Mn0_03S 54.72 43.67 1.61 — 2.94 —
ZnoAgsMnvog,CTOAozs 53.90 43.21 1.73 3.05 2.04
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Fig. 7 XPS spectra of Mn, Cr doped ZnS QDs corresponding to
a overall spectra from 0 to 1100 eV, b Zn 2p spectra, and ¢ Mn 2p
spectra

and the micro-structural Mn/Cr in Zn-S matrix [4].
The weak band located around 939 cm™' represents
the imperfection/defects stimulated by Cr substitu-
tion in Zn-Mn-S matrix which is not present in
ZnyoyMng3S [63]. The characteristic bands about
674-676 cm ™' and 492-519 cm ™! are corresponding
to Zn-S stretching vibrations [80]. The bands corre-
sponding to Zn-S show the better agreement with the

@ Springer
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Fig. 8 a UV-visible absorption spectra of Zng¢7Mng ¢3S and
710 95Mng 03Cro.02S from 310 to 550 nm and b (chv)® vs hv
curves for band gap determination

earlier studies [81]. A close resemblance of the two
FTIR spectra (without and with Cr-doped Zngoy.
Mny 03S) specifies that Cr’" ions have substituted into
ZnS.

3.6 Optical absorption and band gap
estimation

Generally, the optical characters of the QDs were
studied by the optical absorption performance of the
materials [82-85]. The absorption of Zngo;Mng 35S
and ZngosMng 03Crg oS nanostructures between the
wavelength around 310-550 nm is illustrated as
shown in Fig. 9a. Mn-doped ZnS (Zng97Mng o35)
nanostructures exhibit a higher absorption along UV
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Table 3 IR peaks and their assignments of Zng ¢;Mng ¢3S and Zng 9sMng ¢3Crg.02S nanostructures

Assignments

Wave number (cm™')

Znp.97Mng 03S Zng.9sMng 03Cro.02S

O-H stretching vibration of H,O

H-O-H bending vibration of H,O

Partial substitution of Mn/Cr in Zn—S and micro-structural changes
Defects induced by Cr substitution in Zn—Mn-S lattice

Stretching mode of Zn-S lattice

3386 3438
1574 1598

1023 1026, 1122
Nil 939

492, 674 519, 676

wavelength region i.e., below 360 nm and exhibit a
sudden fall off at upper wavelength region. The
inclusion of Cr’" into Zngey;Mng ;S diminishes the
absorption intensity.

During the introduction of Cr into ZnggyMng o35S,
both Cr®" and Cr*" ions may co-exist in the host
lattice and the existence of Cr** is higher than Cr’*
ions which has higher ionic radius. Therefore, the
substitution of Cr*" ions with higher ionic radius
induces the lattice disorder and defects within the
host lattice [73]. The present defect formation is one
of the reasons to decrease the absorption intensity.
One more reason for the decrease of absorption
intensity may originates from the scattering of light
along the grain boundaries and cluster of Cr in the
lattice [86]. The similar decrease of intensity is
observed by Reddy et al. [86] in Cu- and Cr-doped
ZnS nanoparticles. In addition to the shrinkage of
absorption intensity, the inclusion of Cr** ions
induce the absorption edge moving along the higher

Fig. 9 FTIR spectra of

frequency region i.e., the higher energy region (blue
shift). The current blue shift of absorption edge and
the shrinkage of absorption intensity are also sup-
ported by the size decrement which is presented in
Table 1. Moreover, the blue shift of absorption edge
indicates the increase of energy gap of the material.

The energy gap of Mn-doped and Mn-Cr co-doped
ZnS nanostructures have been derived with the help
of the plot among (athv)® versus hv [87] as revealed in
Fig. 9b. The energy gap of pure ZnS from literature is
found to be 3.67 eV at ambient temperature [88]. The
energy gap of Mn = 3% doped ZnS (Zng97Mng o35)
obtained from Fig. 7b is 3.5 eV which is ~ 0.17 eV
(AEg; ~ 0.17 eV) smaller than ZnS. The 3d electrons
existing in Mn interact with the electrons in Zn which
creates the dislocation/imperfections in the struc-
tural bonding of ZnS [36]. The induced interaction
among the ‘s” and ‘p’ electrons existing in ZnS and
‘3d’ electrons in Mn>" ions is accountable for the
present decrease in band gap [89]. The incorporation

102
Zn0,97Mn0.03S and

Zn.9sMng 3Cro 02S

nanostructures in the wave

[ZNno.esMn.03Cro.02S |
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4000 cm™! X g1 -
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(]
(8]
=
©
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©
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of Mn into Zn-S also creates some new energy levels
nearer to the valence level of ZnS which is also the
additional probable reason for the present decrease in
band gap [90].
The rapid increase of band gap from 3.50 eV
(Zn0_97Mn0_03S) to 3.63 eV (Zn0,95Mn0,03Cr0,025, AEg_
~ 0.13 eV) is achieved by adding Cr where, Cr>"
ions with smaller ionic radius can be restore Zn*"
ions in the substitutional sites. The substitution of Cr
in Zn-Mn-S lattice releases additional free carriers
which alter the Fermi level and shift nearer to the
conduction level and widen the energy gap. The
enhanced energy gap (blue shift) during Cr doping is
explained by the Burstein-Moss shift [91, 92]. The
decrease of size is also play a main role in the ele-
vation of band gap [93].

3.7 Photoluminescence (PL) spectra

PL is the main optical characteristics for different PL
nano-materials, like nano-sized particles and QDs
[94-97]. Figure 10a illustrates the PL spectra of ZnS
from 350 to 650 nm at room temperature. ZnS shows a
wide PL peak from 370 to 550 nm as explained by Faita
etal. [98]. The addition of Mn and Cr strongly modified
the intensity and peak position. Figure 10b and c
reveals the PL emissions of without and with Cr-doped
Zng 9;Mny 35S nanostructures from 345 to 700 nm. Fig-
ure 10b contains a strong near violet (NV) emission at
388 nm. Even though, no major change in peak position
of UV band is noticed, peak intensity is decreased by
Cr = 2% doping. Generally, the luminescence in the
visible region arises from impurity or native defect-
associated transitions [99]. The present NV band is
originated from the nano-sized particles and the stim-
ulated defects like Zn/S interstitials. Here, various
peaks are combined into a single and broad band at
388 nm [100]. The similar shrinkage of PL intensity was
described by Nasser et al. [36] in Mn-ZnS and they
explained that the reducing band-band recombination
rate is accountable for the reduced PL intensity.
Figure 10c illustrates the PL spectra of Zngoy.
MnggsS and  ZngosMngo3Crpp2S nanostructures
between 500 and 700 nm. Both samples exhibit a
band corresponding to yellowish-orange wavelength
at 594 nm. Figure 10c reflected that PL intensity is
shifted to higher side by Cr addition in Zng 9;Mng 3S.
A band at 594 nm is due to the exchange communi-
cation among the s—p electron states of Cr’*, Mn*"
and Zn”' ions in Zn-S lattice [101-103]. Figure 11

@ Springer
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represents the energy level diagram of Cr-doped
Znp 9sMng o35 to describe the different emissions such
as NV and yellowish-orange. The dominant visible
emission band emerged ~ 594 nm is initiated from
the electronic switch over from “T; level to °A; level
in the 3d configuration of Mn**/Cr®" ions [104, 105].
The emissions around 580-600 nm was also noticed
by Kole et al. [106] and Karar et al. [107]. It is implied
from Fig. 10 that the charge carriers may relax to the
defect positions, from which they recombine via the
d-orbital of Cr’" or be transferred to Mn*" states that
lead to the characteristic Cr’" and Mn*" emissions
[108]. The obtained elevated yellowish-orange
wavelength emission in Mn/Cr substituted ZnS
highlights their applications optical devices like
organic LEDs and solar cells.

4 Conclusions

Following are the conclusions drawn from the pre-
sent investigations:

BMn added ZnS (Zng 9;Mng ¢3S) and Mn—Cr doped
ZnS (Zng 9sMnyg 3Cro 25) nanostructures were syn-
thesized by co-precipitation process.

BXRD pattern confirmed the cubic phase with
highest intensity along (111) orientation.

BMThe shrinkage of crystallite size from 36 A
(Zn0,97Mn0.03S) to 26 A (Zn0,95Mn0,03Cr0,025) and
the influence of Cr/Mn on microstructural, optical
and PLproperties in ZnS were reported.

B The substitution of Cr in Zng 9y;Mng o3S lattice not
only diminished the crystallite size and also pro-
duced more defect-associated luminescent activa-
tion centres.

BMThe elevated micro-strain from 9.71 x 107
(Znp.o7Mng g5S) to 13.11 x 107 (Zng.0sMng.03Cro.025)
by Cr substitution is due to the decrease of size and
the higher micro-strain at Cr = 2% is owing to the
drop off of activation energy which is originated
from higher electro-negativity of Cr ions than Zn**
ions.

BThe enhanced lattice parameters by Cr doping
may be due to the coexistence of both Cr’* ions
and Cr*" ions where the existence of Cr*" ions is
higher than Cr’" ions and substitute Zn>" basic
ions with the ionic radius of 0.74 A in the Zn-Mn-S
host lattice.
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BMSEM/TEM micrographs explored the microstruc-
ture and confirmed the sized reduction by Cr
Ec doping.
B The presence of Zn**, Mn*" and Cr’" ions in Zn—
Trap Mn-Cr-S lattice was confirmed by XPS spectra.
S "'g Elalcs MThe elevation in band gap from 3.50 eV (Zng ;.
g 9 Mn0.03S) to 3.63 eV (Zn0_95Mn0_03Cr04025, AEg_
; - e e 4T, ~ 0.13 eV) by Cr addition was explained by
2 § 32eV qg’i Burstein-Moss effect and reduced crystallite size.
5 -~ ("’J\‘ g 594 nm BThe tuning of band gap and crystallite size of
=] £ ' basic ZnS nanostructure by Mn/Cr substitution
= c - y
e o g E03leN encourages these materials for modern electronic
) i o [\I\I\‘ applications.
2 BETIR spectra established the occurrence of Mn/
N e 6A Cr in Zn-S lattice by their characteristic bondings.
- BMThe elevated yellowish-orange emission at
Ev - 594 nm in Mn/Cr substituted ZnS is due to the
@) QO  Holes exchange communication among the s—p electron
Valence band states of Cr®", Mn?" and Zn?" ions in Zn-S lattice.

Fig. 11 The energy level diagram of Zng¢7MngoS and

Zng9sMng 03Cro 0,S nanostructures to explain the near violet,

blue and yellowish-orange emissions

MThe inclusion of Mn/Cr provides an efficient
control over modification of various emissions
which suggests their applications in organic LED
materials.
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