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Abstract
Nanocomposites (1−x)MnS‒xZnS (x = 0, 0.25, 0.5, 0.75, 1) heterostructures were synthesized by a simple chemical proce-
dure at low temperature (300 °C). The influence of the alloying ratio (x) on the phases developed was investigated utilizing 
the Rietveld X-ray diffraction (XRD) analysis and Fourier transform infrared (FTIR). Zinc sulfide crystallized in one phase 
having zincblende structure, while manganese sulfide was formed in three phases having cubic and hexagonal structures. 
The determined crystallite size for ZnS was in the range 3–4 nm, resembling quantum dots, while for the cubic MnS phase 
the size was bigger in the range 15–20 nm, and it is much bigger for MnS hexagonal phase, about 76 nm. A High-resolution 
transmission electron microscope (HRTEM) images confirmed the big difference in particle sizes of MnS and ZnS. The UV 
diffused reflectance was obviously affected by the ratio of MnS to ZnS in the matrix; the intermediate composites (0.25, 
0.5, and 0.75) had bandgap energy less than those of pure MnS and ZnS. The refractive index value was influenced by the 
degree of crystallinity and density of the samples. Photoluminescence (PL) analysis revealed high dependence on the sam-
ple composition with ZnS and the intermediate composites samples had broader spectra compared to the MnS sample; the 
intermediate samples were blue shifted. Also, PL intensities of intermediate nanocomposites were less than those of MnS 
and ZnS samples.

1  Introduction

Semiconductor nanomaterials doped with Mn ions have 
been widely studied due to their optical characteristics 
which nominate it to be used in several optoelectronic 
and bio-imaging applications [1]. MnS is a wide bandgap 
(3.2 eV) semiconductor material which has exchange-cou-
pling between Mn–Mn pairs [2]. Manganese sulfide usually 

exists as MnS2 (cubic), β-MnS (zinc blende), γ-MnS (wurtz-
ite), and α-MnS (rock salt) polymorphs [3, 4]. Meanwhile, 
zinc sulfide (ZnS) has also a large direct bandgap around 
3.8 eV, a small exciton Bohr radius of 2.5 nm with a large 
exciton binding energy (40 meV), and a high refractive 
index (n = 2.57) [5, 6]. Therefore, it can be used in differ-
ent applications such as ultraviolet light-emitting diodes, 
electro-luminescence devices, panel displays, sensors, and 
injection lasers [7]. ZnS can crystallize into two types of 
structural forms: hexagonal and cubic phases [5]. Doping 
II-VI semiconductors with Mn ions has been widely studied 
[8]. Furthermore, there are new opportunities for modulating 
the bandgaps of Mn-based ternary chalcogenide nanowires 
and promoting their further application in photonics and 
spintronics [5]. Doping ZnS with Mn2+ has been attracted 
great attention [8]. Mn2+ doping can not only enhance its 
optical transition efficiency but also persuade remarkable 
magneto-optical characteristics of the host matrix [8]. For 
example, Cai et al. found that the ternary alloyed Zn1‒xMnxS 
nanowires have bandgaps followed the non-linear bowing 
character versus the composition [9]. Unfortunately, due to 
the high surface-to-volume ratio in a nanomaterial, the sur-
face states may operate as luminescence quenching centers, 
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resulting in low luminescence efficiency [9]. Peng’s group 
developed a new doping approach such as the nucleation 
doping process [10, 11]. For example, Mn-doped ZnSe was 
prepared by formed ZnSe shell on MnSe core, the photolu-
minescence quantum yield (PL QY) of the obtained mate-
rial was enhanced up to 50% with good thermal stability 
[10, 11]. This method significantly improves the PL QY of 
the doped nanomaterials by controlling the diffusion of Mn 
ions in the nanomaterials and the structure of nanomateri-
als [11]. It was found that the PL QY is greatly influenced 
by the structural properties of the Mn ion diffusion layer, 
which is directly determined by the diffusion of Mn ions into 
the ZnS shell during the colloidal growth process [12]. The 
core–shell nanostructure of ultrathin MnS shells on nano-
ZnS:Mn has an effect in vivo MRI T1 contrast agents for the 
gallbladder and pancreas in mice [13]. Yuvaloshini et al. 
[14] revealed that the annealed ZnS/MnS superlattice thin 
films have higher absorption, extinction coefficient, optical 
conductivity and electrical conductivity as compared with 
non-annealed films. Furthermore, the refractive index has 
low values regardless of the films were annealed or not, 
which nominated it to be used in antireflective coating [14]. 
In the present work, (1−x)MnS-(x)ZnS nanocomposites, 
x = 0, 0.25, 0.5, 0.75 and 1 have been prepared by thermoly-
sis procedure. The structural, microstructural and optical 
behaviors of the studied samples have been investigated in 
detail using X-ray diffraction (XRD), high-resolution trans-
mission electron microscope (HRTEM), Fourier transform 
infrared (FTIR) spectrometer, diffuse reflectance and pho-
toluminescence (PL) techniques.

2 � Experimental details

Nanocomposites (1−x)MnS−xZnS (x = 0.0, 0.25, 0.5, 0.75, 
1) heterostructures were synthesized by mixing and heating 
a stoichiometric amount of manganese acetate, zinc acetate 
and thiourea at 300 °C (2 h) in an electric oven [15–24]. 
Rietveld profile method [25] was applied to determine the 

crystal structure and microstructure of the samples using 
MAUD software [26] and X-ray diffraction data (XRD) 
collected by X’pert MPD, Panalytical diffractometer with 
Cu-Kα (LaB6 standard was used to correct instrumental 
broadening). Fourier transform infrared (FTIR), diffuse 
reflectance, and photoluminescence (PL) spectra of the 
samples were measured using a Bruker Tensor 27 FTIR 
spectrometer (400–4000 cm−1), a double-beam spectropho-
tometer Shimadzu UV–VIS-2600 (with attached integrat-
ing sphere assembly, 190–1400 nm), and a spectrometer 
RF-1501; Shimadzu, Ltd., respectively. A high-resolution 
transmission electron microscope (HRTEM) was conducted 
to investigate the nature of the nanosamples.

3 � Results and discussion

3.1 � XRD structural analysis

The good quality XRD patterns measured for the present 
system (1−x)MnS−xZnS heterostructures enabled us from 
the accurate determination of the phases present in the 
samples and finding their percentages applying the search 
match program X’pert HighScore plus. Rietveld analysis 
was performed and the obtained structural and microstruc-
tural parameters are listed in Table 1. Excellent XRD pat-
tern fitting, Fig. 1, was obtained from Rietveld analysis. 
The pure zinc sulfide exhibited only one phase ZnSF

−

4 3m , 
and its cell parameter increased with the alloying param-
eter (x) indicating a tensile strain. The present pure man-
ganese sulfide sample manifested three phases: two cubic: 
α-MnS Fm

−

3 m and MnS2 Pa
−

3 , and one hexagonal γ-MnS 
P 6/3 m c. As shown in Table 1, the nanocomposite sam-
ples (1−x)MnS−xZnS (x = 0.25, 0.5 and 0.75) manifested 
a combination of the above phases with different percent-
ages. Inspecting Table 1, one can find that the determined 
crystallite size for ZnS is in the range 3–4 nm, resembling 
quantum dots, while for the cubic MnS phase the size is 
bigger in the range 15–20 nm, and it is much bigger for 

Table 1   Space group (Sp 
G), lattice parameters (a, c 
Å), crystallite size (nm) and 
sulfur coordinate (z) for (1−x)
MnS−xZnS system

Pa

−

3 MnS2, 
−

4 3m , Fm
−

3 m and P 6/3 m c MnS

Manganese sulfide Zinc Sulfide

Cubic Hexa P 6/3 m c Cubic F4̄3m

x Sp G a Size a c Size z(S) a Size

0 Pa3̄ 6.179 (3) 20 3.983 (2) 6.456 (3) 75 0.3758 – –
Fm3̄m 5.229 20

0.25 F4̄3m 5.591 16 3.928 6.662 76 0.3998 5.423 (1) 4.0
0.50 Pa3̄ 6.114 17 – – – – 5.419 3.6
0.75 Pa3̄ 6.129 15 – – – – 5.376 3.8
1.0 – – – – – – – 5.364 3.6
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MnS hexagonal phase, about 76 nm. This difference in 
the size is evident in the HRTEM images, Fig. 2. For pure 
ZnS, Fig. 2a, the morphology of the particles is homoge-
neous with a narrow size distribution and high agglom-
eration. For the nanocomposite with x = 0.5, Fig. 2b, two 
distinct regions can be detected for ZnS and MnS which 
has obvious larger size. Insight of Fig. 2b is the selected 
area electron diffraction (SAED) pattern where two over-
lapped patterns can be seen.

3.2 � Infrared absorption spectroscopy analysis

Figure 3 represents the FTIR spectra collected at room 
temperature in the range of 400–2000 cm−1 for MnS, ZnS 
and (1−x)MnS−xZnS (x = 0.25, 0.5 and 0.75) heterostruc-
tures samples. As revealed from Fig. 3, the intermediate 
nanocomposite samples have the vibration bands of both 
MnS and ZnS samples but with different intensities. The 
absorption bands occurred around 508 and 610 cm−1 are 

Fig. 1   Rietveld refinements for a MnS, b ZnS, c 0.75MnS/0.25ZnS, d 0.5MnS/0.5ZnS, e 0.25MnS/0.75ZnS samples
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attributed to Mn-S stretch vibrations in γ-MnS and α-
MnS phases [27]. The characteristic major bands of pure 
ZnS are observed in the ranges 432–445 cm−1 (asymmet-
ric bending), and 602–613 cm−1 (symmetric bending) 
[28]. Small bands observed from 400 to 500 cm−1 are 
ascribed to the resonance from the interaction between 
vibrational modes of sulfide ions in the sample [29]. The 

C-S linkage stretching vibrations are observed in the 
region of 700–600 cm−1, while that of S–O–C occurred at 
1020 cm−1 [30]. The bands observed at 1401–1552 cm−1 
are characterizing the bands of carboxyl group [31], and 
at 1631 cm−1 from C = O stretching modes; both occurred 
from the absorption of atmospheric CO2 on the surface of 
the nanocrystals [31], respectively. The band observed at 
about 1099 cm−1 in MnS sample is attributed to the C = O 
of acetates [32].

3.3 � UV absorption analysis

Figure 4a reveals the UV diffused reflectance for (1−x)
MnS−xZnS nanocomposites samples with different ratios 
(x = 0, 0.25, 0.5, 0.75 and 1) in the wavelength range of 
200–800 nm. The 0.5MnS−0.5ZnS sample has the highest 
reflectance than MnS sample and other composite samples 
in the wavelength less than 300 nm. Previously, superlattices 
ZnS/MnS and MnS/ZnS thin films exhibited high reflectance 
for wavelength less than 300 nm [33] similar to our case. On 
the other hand, the situation is reversed, where the reflec-
tance is increased for nanocomposites with x = 0.25 and 
0.75 as compared with MnS sample in the wavelength above 
500 nm. A possible interpretation for this behavior can argue 
to the internal structure of the nanocomposite samples itself 
which plays an essential role in determining the number of 
defects created inside the materials and hence affects the 
optical properties of the material.

The bandgap energy (Eg) can be estimated from the rela-
tion between absorption coefficient (α) and incident photon 
energy using the following equations [34]:

Fig. 2   TEM images for a pure ZnS and b 0.5MnS/0.5ZnS nanocomposites
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Fig. 3   FTIR spectra of MnS@ZnS heterostructures system
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where A, d, Eg, B, hν are the absorbance, thickness, optical 
bandgap, a constant and the incident photon energy, respec-
tively. The refractive index n has a value of 0.5 and 2 for 
direct and indirect transitions.

Equation (1) can rewrite as the following:

where λg, h and c are the wavelength corresponding to the 
optical energy gap, Plank’s constant and light velocity, 
respectively.

Equation (3) can be rewritten using the Beer–Lambert’s 
law as follows:

(1)�h� = B(h� − Eg)
n

(2)� =
2.303A

d

(3)� = B(hc)n−1�(
1

�
−

1

�g

)
n

where D1 = [B(hc)n−1 d/2.303] and D2 is a constant that takes 
into account the reflection.

Using Eq.  (4), the optical bandgap can be obtained 
without needing the film thickness. The value of λg and 
hence Eg = 1239.83/λg can be obtained by extrapolating 
the linear part of (A/λ)1/n vs. (1/λ) curve at (A/λ)1/n = 0, 
Fig.  4b. The obtained bandgap energies for the sam-
ples are plot in Fig.  4c. The direct bandgap energy 
of MnS, 0.75MnS−0.25ZnS, 0.75MnS−0.25ZnS, 
0.75MnS−0.25ZnS and ZnS are 2.93, 2.76, 2.43, 2.39 and 
3.2 eV, respectively. It was interesting that the obtained 
bandgaps of (1−x)MnS−xZnS nanocomposites did not 
show a linear relationship with the composition x, but 
exhibited a non-linear optical bowings effect (Fig. 4c) 
similar to that reported in Zn1−xMnxS nanowires [9], 

(4)A(�) = D
1
�(

1

�
−

1

�g

)
n

+ D
2
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PbSxSe1−x nanocrystals [35] and ZnSexTe1−x nanowires 
[36].

Taking into accounts of the optical bowing effect, the 
optical absorption and emission of the parent compounds 
could be tailored and tuned into the visible region through 
the formation of nanocomposites. Similar results obtained 
for CuS/CdS(H)/CdS(C) nanocomposites [37]. Ai et al. 
attributed the decrease in the bandgap of hexagonal/cubic 
CdS composite is due to the junction formed between the 
hexagonal and cubic phases of CdS [38]. Michae et al. [39] 
reported a bandgap shift from UV to the visible region for 
ZnS–Cu2S nanoflakes obtained by assisted wet chemical 
synthesis. The shift of absorption toward visible region was 
attributed to the impurity level band structures introduced by 
the presence of Cu2S in ZnS system. For the present (1−x)
MnS−xZnS nanocomposites, the bowing effects, similar to 
the literatures [9, 35, 36], could arise from the differences 
in electronegativities, atomic radii, and also the lattice con-
stants between MnS and ZnS.

The absorption properties of a medium could be clarified 
by investigating the extinction coefficient (k) upon exposing 
the medium by a certain wavelength. The extinction coef-
ficient (k) is calculated from the following expression [40]:

where (λ) is the light wavelength and (α) absorption 
coefficient.

Figure 5a shows the wavelength dependence of extinc-
tion coefficient (k); for all MnS@ZnS heterostructures, the 
curves exhibited strong damping of the amplitude of the 
incident electric field at wavelengths above 300 nm. As the 
amount of ZnS increased in the nanocomposites, a blue shift 
trend was observed via displacing the k’s fall-point toward 
lower wavelengths as compared with MnS. In addition, the 
increase in k- value in the UV-range can be ascribed to the 
fundamental absorption peak of MnS [41].

Moreover, the refractive index of the different samples 
can be evaluated from the reflectance (R) using the follow-
ing equation:

As revealed in Fig. 5b, the refractive index decreased expo-
nentially upon increasing the wavelength indicating the 
normal dispersion behavior of the samples. MnS exhib-
ited a refractive index 2.3–2.2 in the wavelength range 
200–300 nm and it decreased to 1.52 at higher wavelengths 
similar to what is obtained for annealed and non-annealed 
MnS films [33]; it exhibited high refractive index of 5.7 
for annealed and 5.3 for non-annealed in the wavelength 
range 300–400 nm and then decreased to 1.5 for the range 

(5)k =
��

4�

(6)n =
(R + 1) ±

√

3R2 + 10R − 3

2(R − 1)

400–1000 nm [33]. The low refractive index for the present 
MnS@ZnS nanocomposites is correlated with the small 
crystallite size, see X-ray section. The high refractive index 
indicated higher crystallinity and density of the sample 
compared with the sample with low refractive index [41]. 
For γ-MnS thin films annealed at 100–300, 400 and 500 °C, 
the refractive indices are increased 2–2.04, 2.09–2.90 and 
2.14–3.38, respectively, in the visible region [42]. Upon 
alloying MnS with 25 and 75% ZnS, the refractive index is 
enhanced, but reduced as it is alloyed with 50% ZnS, reached 
its maximum value in 0.25MnS-0.75ZnS sample and mini-
mum value in 0.5MnS-0.5ZnS sample. Materials with a low 
refractive index might be utilized as antireflection coatings 
in many applications [33].

The real (εr) and imaginary (εi) parts of the dielectric con-
stant revealed the interactions between electrons and photons 
in the crystal. The two parts of the dielectrics for all samples 
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and also the dissipation factor (tanδ) were estimated using 
the following formulas [40]:

Figure 6 shows the real part of the dielectric constant and 
dielectric loss as a function of the wavelength for all sam-
ples; as the wavelength increased both the dielectric con-
stant and dielectric loss reduced. Furthermore, the dielectric 
constant reached its maximum value for 0.25MnS−0.75ZnS 
nanocomposite and exhibited the minimum value in 
0.5MnS−0.5ZnS nanocomposite sample as compared with 
nano-MnS sample. The increase in real constant indicated 
an enhancement in the optical response of the material [32].

(7)�r = n2 − k2

(8)�i = 2nk

(9)tan� =
�i

�r

Finally the optical (σopt) and the electric (σele) conductivi-
ties are evaluated [40]:

where C is the light velocity.
Figure 7 depicts the σopt as a function of the photon 

energy, where it increased as energy increased. The opti-
cal conductivity is affected by both the refractive index and 
the absorption coefficient. Noteworthy, 0.25MnS−0.75ZnS 
revealed the highest value of σopt between all samples at high 
energy. This could be related to an increase in the density of 

(10)�opt =
�nC

4�
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free charge carriers that undergo interband transition from 
the valence band to conduction band [40].

3.4 � Photoluminescence analysis

Figure 8 shows the normalized photoluminescence (PL) 
intensities of MnS@ZnS heterostructures with differ-
ent ratios between MnS and ZnS nanosamples at room 
temperature under 325  nm. The normalized PL emis-
sion spectra of ZnS and all nanocomposite samples are 

broader than MnS sample which could be attributed to 
inhomogeneity of particle size distribution (the crystallite 
size of ZnS is around 4 nm, while crystallite size of MnS 
sample is around 20 nm, Table 1) and/or the existence of 
some surface state defects in these samples as compared 
with than MnS sample. Similar behavior was observed 
in the PL emission peak of ZnS/MnS/ZnS nanocompos-
ites prepared by co-precipitation method which exhibited 
multiple asymmetrical and broadened peaks demonstrat-
ing the association of diverse luminescence centers in 
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the radiative processes [43]. Moreover, the composite 
samples are blue shifted as compared with MnS sample. 
This blue shift can be attributed to the difference between 
the values of energy bandgaps of MnS and ZnS phases. 
Worth notable, the PL intensities of intermediate MnS@
ZnS nanocomposites are less than both MnS and ZnS 
samples, Fig. 9, which may be related to the changing 
of the crystallite size of the samples, Table 1. Figure 9 
demonstrates the decomposition of PL emission spectra of 
all samples into sub-emissions using Gaussian function; 
all samples have three sub-emissions in (ultraviolet (UV), 
violet (V), blue (B) and green (G)) regions depending on 
the sample composition. MnS, ZnS, 0.75MnS−0.25ZnS, 
0.5MnS−0.5ZnS and 0.25MnS−0.75ZnS samples exhib-
ited PL sub-emissions at (371UV, 402V, 454B), (364UV, 
397V, 490B-G), (367UV, 405V, 463B), (366UV, 394V, 
414V) and (363UV, 392V, 430B) nm, respectively. Viswa-
nath et al. [43] reported that the ZnS, prepared by chemical 
co-precipitation method in ambient atmosphere, emitted 
strong blue colors at 409, 432 and 463 nm [44, 45]. Also, 
ZnS synthesized by thermolysis technique exhibited violet, 
(blue, green), (blue, green), respectively [46]. Moreover, 
the annealed nano-ZnS emitted three PL colors in UV, blue 
and green regions [46].

According to many reports for ZnS, the interstitial sul-
fur energy levels are closer to the valence band than the 
interstitial zinc energy levels to the conduction band; mean-
while, sulfur vacancy states are nearer to conduction band 
edge than zinc vacancies states to the valence band edge [44, 
45]. Accordingly, for present MnS@ZnS, the sub-emissions 
obtained around 405, 430, and 460 nm referred to intersti-
tial sulfur, zinc interstitial and sulfur vacancies, respectively. 
Furthermore, hexagonal MnS nanoparticles, prepared by a 
microwave-assisted solvothermal process [47], emitted vio-
let and green colors at 424, 468 and 531 nm, which associ-
ated with near band emissions (NBE); transitions between 
the conduction and valance bands representing bandgap 
energy. Tiwari et al. found that multiphase (γ + α at 200 °C 
and α above 300 °C) MnS thin film sputtered on glass sub-
strates at different temperatures, exhibited two emissions at 
around 415 and 438 nm associated with band edge and trap 
state emissions [41]. They associated the first one to the 
transition of an electron from the MnS interstitial energy 
level to the valence band, while the second one was related 
to the defects and dislocations. So, for present MnS@ZnS, 
the emissions around 400–415 may refer to transition from 
MnS interstitial energy level to the valence band. Moreover, 
the sub-emission at 490 nm may result from Mn2+ 3d-con-
figuration; similar to results obtained for nano-MnS synthe-
sized using mild synthetic methods [48, 49]. The absence of 
red color in our measurements may be due to the existence 
of MnS2 and MnS together with different structures in our 
samples, Table1.

4 � Conclusion

For the present MnS@ZnS heterostructures, zinc sulfide 
exhibited one phase ZnS (F

−

4 3m) , while manganese 
sulfide sample manifested three phases: two cubics MnS 
Fm

−

3 m and MnS2 Pa
−

3 , and one hexagonal MnS P 6/3 m 
c. The intermediate samples of (1−x)MnS−xZnS (x = 0.25, 
0.5 and 0.75) have different combinations from ZnS and 
MnS phases with different percentages. The cell parameter 
of cubic ZnS phase increased with the alloying parameter 
(x) indicating a tensile strain. HRTEM revealed a narrow 
size distribution and high agglomeration of the nanopar-
ticles. SAED pattern demonstrated the existence of MnS 
and ZnS phases with different particle sizes in the compos-
ite samples. The 0.5MnS−0.5ZnS sample has the highest 
reflectance in the wavelength of less than 300 nm, while 
nanocomposites with x = 0.25 and 0.75 have the highest 
reflectance for the wavelength above 500 nm. The direct 
bandgap energy determined for the samples x = 0.0, 0.25, 
0.5, 0.75 and 1.0 are 2.93, 2.76, 2.43, 2.39 and 3.2, respec-
tively, indicating the gap energies for intermediate com-
posites are less than for parent materials. The refractive 
index and dielectric constant have a maximum value in 
the case of 0.25MnS−0.75ZnS and a minimum value for 
0.5MnS−0.5ZnS sample. 0.25MnS−0.75ZnS revealed the 
highest optical conductivity at high energy. The samples 
have three sub-emissions in ultraviolet, violet, blue and 
green regions depending on sample composition, phases 
included and type of defects in the samples.
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