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Abstract

In this study, zinc sulfide (ZnS) and manganese (Mn)-doped ZnS nanopowder were suc-
cessfully prepared via a simple and cost-effective chemical precipitation method with
various concentrations of Mn for use in UV photodetectors. The effects of Mn doping
on the structural, morphological, and optoelectronic properties of ZnS nanopowder were
studied. Structural analysis showed that all samples had a cubic structure with crystallite
sizes approximately in the region of 2–3 nm. The morphological analysis using scanning
electron microscopy confirmed the formation of well-dispersed spherical nanoparticles.
Photoluminescence spectra show that Mn doping increased the luminescence intensity
and caused a red shift in the emission peaks. Electrical properties such as conductiv-
ity and dielectric constant showed marked improvement with increasing Mn content.
The conductivity increased from 3.7 mΩ−1·m−1 for pure ZnS to 6.3 mΩ−1·m−1 for the
1.03 mol% Mn2+ sample. The performance of photodetectors was evaluated under UV
light. It was revealed that the photodetector based on a sample with 1.03 mol% Mn2+

reached an optimum state with an EQE of 9.8%, a detectivity of 4.65 × 109 Jones, and
a responsivity of 3.64 × 10−2 A/W, indicating the effectiveness of Mn doping in improving
the photo-generated carrier collection.

Keywords: Mn-doped ZnS; chemical precipitation route; UV-photodetectors; physical
properties; optoelectronic properties; luminescent materials

1. Introduction
Nanostructured (NS) materials have recently attracted attention due to their unique

structural, optical, and electrical features when compared to bulk material properties,
which make them useful in various applications in energy sources, health, and the envi-
ronment [1,2]. In the last few years, research has been focused on the preparation and
characterization of II-VI semiconductor such as ZnS, ZnSe, CdS, and CdSe nanoparticles for
use as biomarkers in the biological field and their size give them outstanding electro and
photoluminescence properties such as long excited state lifetime, excellent chemical and
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thermal stability, wide Stokes shift (to prevent energy transfer and self-absorption) [3,4].
This makes the II-VI semiconductor group a strong choice for many biomedical imaging and
optoelectronic device applications, such as solar cells, photodetectors, and light-emitting
diodes [3–8]. Zinc sulfide (ZnS) is a highly appealing semiconductor within the group
II-VI category, having outstanding electroluminescent capabilities and a typical wide
bandgap energy of approximately 3.66 eV [9]. ZnS is regarded as one of the most promising
candidates for UV detectors because of its wide bandgap, low cost, excellent radiation
hardness, and good chemical stability [10]. Optoelectronic devices, especially UV photode-
tectors, represent a vital category widely used in civilian and military applications such as
missile tracking, space communications, astronomical research, flame detection, and bio-
logical/chemical analysis [11–13]. Furthermore, ZnS doped with various transition-metal
(TMs) ions, such as Co, Ni, Mn, Cu, and Cd, possesses an efficient phosphor that emits in
the visible blue–green spectrum [14–17]. Consequently, ZnS doped with transition-metal
ions has garnered significant interest due to the considerable photoluminescence (PL)
characteristics. Therefore, they have been used as a phosphor for light-emitting compo-
nents in devices, including electroluminescent, field-emission devices, and cathode-ray
tubes [18–23]. ZnS semiconductor nanocrystals are frequently doped by adding a small
amount of atomic impurities to improve their electrical and optical properties [24]. In gen-
eral, the differences in valence states and ionic radii between dopants and the fundamental
crystalline ZnS could cause the formation of structural defects in the ZnS matrix. The
properties of the ZnS NS may change as a result of these flaws that may generate certain
intermediary bands between the conduction and valence bands of ZnS. Ions such as Mn2+,
Co2+, and Cu2+ have chemical properties similar to those of Cd2+ or Zn2+, therefore Mn+2

can be easily doped with II-VI ZnS semiconductor [2]. Mn2+ dopant is the most representa-
tive of all the TM ions used for doping ZnS NS due to its nonlinear optical multiphoton
absorption properties in the infrared and visible wavelength bands, which make it suitable
for use as an effective phosphor and in bio-imaging applications. The Mn2+ ion also acts
as a strong light activator, enhancing light emission by introducing new impurity levels
into the host. It has a d5 structure, and the Mn2+ d-electron states interact strongly with
the ZnS host’s s-p electronic states, which are typically the target of external electronic
stimulation, serving as effective luminous centers [25–27]. In addition, both Mn and Zn
have comparable physical and chemical properties [28]. ZnS NS doped Mn2+ was prepared
by several methods, including hydrothermal, wet chemical route, sol–gel processing, micro-
emulsion, and precipitation in a solid polymer matrix, and interaction with H2S gas [29–35].
In this work, the most effective and simple chemical precipitation method has been used to
prepare ZnS N- doped Mn2+ [36]. The co-precipitation technique was chosen over other
methods due to its cost-effectiveness, low-energy consumption, and high scalability. In
order to comprehend the influence of the Mn dopant, the structure, optical properties,
and morphology of ZnS nanostructured powders were investigated. X-ray diffraction
(XRD), a field-emission scanning electron microscope (FESEM), energy-dispersive X-ray
spectroscopy (EDX), a UV–visible spectrometer, an LCR meter, and photoluminescence
(PL) spectroscopy were employed to characterize the synthesized particles. Moreover,
the nanostructured ZnS samples were deposited on an indium tin oxide (ITO) substrate
and used to study the photoconductive behavior under ultraviolet illumination. Unlike
previous reports focusing mainly on the luminescent properties of Mn:ZnS, the novelty of
this study can be attributed to the stress laid upon the significance of both ultrafine grain
size and lattice strain induced by doping on the performance of the device for UV detection.
The synergy achieved by this combination results in a superior responsivity-to-dark-current
ratio that outperforms many existing low-cost UV photodetector alternatives.
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2. Experimental Section
2.1. Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). Zinc acetate
(Zn(CH3COO)2·2H2O, 99%), manganese acetate tetrahydrate (Mn(CH3COO)2·4H2O, 99%),
sodium sulfide nonahydrate (Na2S·9H2O, 98%), polyvinylpyrrolidone (PVP-40000, 99%),
and methanol (CH3OH) were used as precursors for the synthesis of ZnS-doped Mn
nanoparticles.

2.2. Synthesis of Nanoparticles

The pristine and Mn-doped ZnS nanoparticles were prepared using a simple
chemical precipitation route, as explained by Kumari [37]. In a typical synthesis,
Mn(CH3COO)2.4H2O in various concentrations of 0.0 mol%Mn2+, 0.89 mol%Mn2+,
1.03 mol% Mn2+, and 1.27 mol% Mn2+—corresponding to ~0 ppm, 220 ppm, 250 ppm,
and 320 ppm, respectively—were combined with a 50 ml aqueous solution of 0.5 M
Zn(CH3COO)2.2H2O and mixed well by stirring. The selected concentrations have been
chosen based on earlier studies done by others and some initial optimizations done to
ensure that we modify the structure effectively without causing distortion or damage
to performance. Subsequently, to regulate nanoparticle size and prevent aggregation in
solution, a 50 mL PVP-40000 aqueous solution was added incrementally to the mixture.
An equimolar (0.5 M) aqueous solution of Na2S was added incrementally to the previously
described combination, which was continuously agitated for 1 hour at 80 ◦C. To get rid
of any unreacted precursors or contaminants, the produced precipitates were filtered and
repeatedly cleaned with ethanol and deionized water. The nanoparticles were then dried at
70–80 ◦C in a vacuum oven and crushed into powder; this is shown in Figure 1. From this,
the following samples were obtained: pristine, ZMN-1, ZMN-2, and ZMN-3.

 
Figure 1. Schematic diagram for the preparation of samples by the chemical precipitation route.

2.3. Characterization

The synthesized pristine and Mn-doped ZnS nanoparticles were characterized utilizing
a variety of techniques. The X’Pert Pro X-ray diffractometer was used to investigate the
crystalline structure and phase purity using X-ray diffraction (XRD) with Cu Kα radiation
(λ = 1.5406 Å) (Malvern Panalytical, Malvern, UK). The surface morphology, elemental
composition, and particle size distribution of the synthesized particles were studied using
field-emission scanning electron microscopy (FE-SEM) (JSM–7600F; JEOL Ltd., Tokyo,
Japan) equipped with an EDS instrument to investigate the fundamental components of all
prepared samples. Gwyddion software version 2.6x was used to process the micrographs.
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A Jasco FP-6500 Spectrofluorometer (Jasco Inc., Tokyo, Japan) was employed to obtain
the photoluminescence (PL) spectrum of the synthesized nanoparticles, with an excitation
wavelength of λ = 340 nm. An ultraviolet–visible spectrometer (Jasco V-770, Jasco Inc.,
Tokyo, Japan) was used to measure the diffuse reflectance spectra (DRS) of the UV–visible
(UV-vis) spectrum, spanning 190 to 800 nm. The samples were compacted into small,
rounded tablets using a uniaxial press at 8 × 105 N·m−2. Before each tablet was examined
for appropriate conduction, its two surfaces were carefully covered with silver paste.
An LCR meter (Hioki, Nagano, Japan) was used to measure capacitance, frequency, and
conductivity, and analyze the impedance and dielectric constant of prepared samples.
Results were collected from 50 Hz to 5 MHz using computer software driven by 1 V of
alternating current.

2.4. Device Fabrication

Nafion is used to spread the powder on a sterilized ITO substrate (1 × 1 cm2). We
combined 0.5 g of the powdered sample with 20 µL of polymer Nafion and 480 µL of
isopropanol. The suspended solution is then placed in an ultrasonic bath for 10 minutes.
To clean the substrate, use acetone, ethanol, and distilled water. The first layer of powder
was applied to the ITO substrate using a micropipette. The sample was then allowed to
dry naturally. The solution was repeatedly placed on the ITO substrate to ensure complete
coverage. Ultimately, we possess four thin films distributed on the ITO substrate suitable
for use in UV photodetector applications [38].

2.5. Photodetection Experiment

The schematic diagram of the manufactured ZnxMn1−xS (x = 0, 0.89, 1.03, and
1.27 wt.%) photodetector is displayed in Figure 2. Using a VersaSTAT3 potentiostat,
an applied voltage between −1 and +1 V, and an Xe lamp (Newport, Irvine, CA, USA)
as the light source, the characteristic (I-V) curves of each film were analyzed at room
temperature [39]. Two electrodes were created by attaching silver paste to the opposite
edges of a 1 cm2 sample. Using a monochromator with a 460–635 nm grating, the effects of
normal light and monochromatic light (certain wavelengths) on the photodetectors were
investigated. The device’s attributes, including detectivity levels, responsivity, and external
quantum efficiency (EQE), were calculated. To evaluate reproducibility, 3 devices were
fabricated under identical conditions.

Figure 2. Schematic diagram of ZnS photodetector under UV illumination.
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3. Results and Discussions
3.1. Structure Properties

The structural properties of the pristine and Mn-doped ZnS nanopowder were investi-
gated through the PANalytical X’Pert Pro XRD powder diffractometer with monochromatic
CuKα radiation (λ = 1.54060 Å), a scan rate of 0.02 s−1, and a 2-theta range of 10 to 80◦ at
room temperature. XRD patterns of pristine ZnS and Mn-doped ZnS nanoparticles are
shown in Figure 3. The figure illustrates that the samples possess polycrystalline structures
characterized by a cubic configuration and space group (F-43m). The XRD patterns of
the prepared samples showed three main diffraction peaks at 2θ values of 28.92◦, 48.20◦,
and 56.98◦, corresponding to the (111), (220), and (311) planes, respectively. These XRD
patterns correlate effectively with the standard data JCPDS card no. (00-065-0722). No
additional impurity peaks due to Mn2+ doping have been observed, confirming the purity
of the ZnS samples and the incorporation of the doping ions into the cubic structure. As
illustrated in Figure 3, the XRD peaks are broadened due to the nanocrystalline nature
of the prepared samples [40]. The (111) peak is significantly more intense than the (220)
and (311) peaks. This indicates that all samples show a pronounced preferential alignment
along the a-axis (111). The Scherrer’s formula is employed to compute the mean crystallite
sizes from FWHM (full width at half maximum) of the most prominent peak (111) in the
XRD pattern [41].

D =
0.94λ

βcos(θ)
(1)

where λ denotes the wavelength of X-rays (λ = 1.5406 Å), β signifies the full width at
half maximum for the (111) plane, and θ represents Bragg’s angle. Table 1 includes the
estimated crystallite sizes for all the prepared nanoparticle samples. From Table 1, the
crystallite size obtained from XRD fell within the range of 2 to 3 nm. The crystallite size
primarily grew from 2.3 nm to 2.4 nm, then to 2.5 nm via elevating the Mn content to
0.89% Mn2+ (ZMN-1 sample), then to 1.03% Mn2+ (ZMN-2 sample), respectively, and
thereafter decreasing to 2.3 nm for a 1.27% Mn concentration (ZMN-3 sample). The slightly
increasing of crystallite size from 2.3 nm to 2.4 nm may be ascribed to the ionic radius of
Mn2+, which is 0.80 Å is slightly greater than the ionic radius of Zn2+, which is 0.74 Å, so
when the Mn2+ ions replace the Zn2+ ion position in the lattice, the crystallite size shows
a slight increase [27,42,43]. The crystallite size then decreases as the Mn concentration
increases up to 1.27% Mn2+ (ZMN-3 sample). The Zener pinning effect may be responsible
for this decrease in crystallite size. The decrease in crystallite size from 2.5 nm to 2.3 nm is
attributed to the inhibition of grain growth caused by the higher concentration of Mn2+ions.
These ions act as impurities that segregate at the grain boundaries, creating a pinning effect
that prevents further growth. Furthermore, the incorporation of Mn2+ ions, which possess
a slightly larger ionic radius than Zn2+, induces lattice distortion, which increases the
nucleation rate while simultaneously hindering the subsequent growth of the crystals [44].

Table 1. Calculated values of the crystallite size from SEM and XRD, dislocation density, micro-strain,
and band gap energy.

Sample Name Pure ZnS ZMN-1 ZMN-2 ZMN-3

Wt.% of Mn 0.0 0.89 1.03 1.27

Crystallite size, DXRD (nm) ± 0.1 2.3 2.4 2.5 2.3

Dislocation density, δ (lines/nm2) × 10−2 18.98 17.08 16.48 19.43
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Table 1. Cont.

Sample Name Pure ZnS ZMN-1 ZMN-2 ZMN-3

Strain, ε × 10−3 59.18 56.36 55.33 60.05

Grain size (nm) 15.5 17.8 21.45 19

Band gap, Eg (eV) ± 0.1 3.6 3.51 3.31 3.38

Surface roughness (nm) 4.2 5.5 7.8 6.2

Thickness of small compact disk (mm) 1.2 1.51 1.6 1.3

Figure 3. XRD patterns of the undoped and Mn-doped ZnS nanoparticles.

The dislocation density (δ) and micro-strain (ε) of all the synthesized samples were
determined using the following equations [45,46]:

δ = 1/D2 (2)

ε =
βcot θ

4
(3)

where θ is the diffraction angle, β is the (111) full-width half maximum, and D is the
crystallite size of the produced samples. Table 1 also includes the computed dislocation
density (δ) and micro-strain (ε) of the produced nanoparticles. As the Mn concentration
rises, the produced samples’ dislocation density (δ) and micro-strain (ε) decrease from
the pristine sample to the ZMN-1 sample with 0.89% Mn2+, reaching a minimum at the
1.03% Mn2+ for the ZMN-2 sample and subsequently rise for the ZMN-3 sample, which
has a Mn concentration of 1.27% Mn2+. At first glance, a reduction in micro-strain and
dislocation density would indicate a reduction in lattice defects. The elevation in micro-
strain and dislocation density of the ZMN-3 sample could be ascribed to the elevated Mn
content, since the substantial replacement of Mn for Zn ions results in lattice distortion,
hence augmenting strain and dislocation density [47].
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3.2. Morphological and Elemental Analyses

The optical and electrical properties of Mn-doped ZnS can be influenced by surface
morphology; therefore, it is important to analyze the surface texture of the synthesized
nanoparticles. FE-SEM was used to study the surface morphology of the pristine ZnS and
Mn-doped ZnS nanoparticles. Figure 4 shows surface morphology images of pristine ZnS
and Mn-doped ZnS nanoparticles. According to SEM images, the ZnS nanoparticles exhibit
a spherical shape with a rough surface. The ZnS nanoparticles exhibit heterogeneity, with
diameters ranging from 15 to 19 nm. With increasing Mn concentration, the size of the ZnS
nanoparticles increases up to ZMN-2 and then decreases in ZMN-3. The size of the particles,
as determined using SEM, is generally larger compared to the crystallite size recorded using
XRD due to the presence of different crystallites in a single particle. The roughness of the
surface was determined after analysis utilizing the Gwyddion 2.45 program [48]. Figure 5
shows that the surface roughness is influenced by the dopant concentration. Table 1 clearly
indicates that the average roughness (Ra) escalates with rising Mn concentration, reaching
its peak for ZMN-2, followed by a decline for ZMN-3 nanoparticles. To verify the presence
of Mn in the doped samples, the investigation using energy dispersive X-ray spectroscopy
(EDX) was used, as illustrated in Figure 6a–d. These data verified that the samples contain
Mn, Zn, and S; they are listed in Table 1. The mapping investigation, illustrated in Figure 6e,
confirms the distribution of Mn-doped ZnS nanoparticles, indicating that the Zn, S, and
Mn components are uniformly spread throughout the nanoparticles.

 

Figure 4. Surface roughness of the pristine and Mn-doped ZnS nanoparticles. (a) ZnS, (b) ZMN-1,
(c) ZMN-2, (d) ZMN-3.

3.3. Optical Analyses

UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) analysis can provide valuable
information about the optical properties, including their absorption and reflectance be-
havior in the UV-Vis region. The UV–vis absorption spectroscopy (Jasco spectrometer
V770) was used to obtain the diffuse reflectance spectra using BaSO4 as a reference within
wavelengths ranging from 190 to 800 nm, and calculating the optical band gap. The UV–
Vis diffuse reflectance spectra of ZnS and ZMN nanoparticles are shown in Figure 7a. It
is clearly observed that the reflectance decreases significantly as the Mn concentration
increases. This reduction in reflectance is attributed to the increased absorption by the
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Mn2+ impurity levels created within the ZnS bandgap [49]. The lower reflectance in doped
samples, especially ZMN-2, indicates a higher photon-trapping capability, which directly
contributes to the enhanced responsivity of the fabricated UV photodetectors [50]. For
all samples, a high absorption peak was seen at about 300 nm, suggesting that the most
significant absorption edge is in the ultraviolet region. This could be attributed to the
charge transmission interaction between the 2p orbital electrons of (O2−) ions and the 3d
orbital electrons of (Mn2+) [51]. The optical and electrical properties of semiconductors
with a direct electronic transition are strongly influenced by the band gap energy (Eg). It is
a key factor in determining how these materials interact with light and conduct electricity,
and it can be calculated using the Tauc relation. The Kubelka–Munk function F(R) was
used to convert the diffused reflectance into the absorption coefficient, as shown in the
equation [52,53]:

α = F(R) =
(1 − R)2

2R
(4)

where R stands for reflectance, F(R) for the Kubelka–Munk function, and α for the absorp-
tion coefficient. The optical band gap (Eg) of all prepared samples was estimated using
Tauc’s plot by extrapolating the linear region of the (F(R)hν)2 vs. (hν) curve to the energy
axis, as expressed in the equation below [54–56]:

(F(R)hν) = A
(
hν− Eg)

n (5)

 

Figure 5. Surface morphology of ZnS and ZMN samples (SEM). (a) ZnS, (b) ZMN-1, (c) ZMN-2,
(d) ZMN-3.

In this context, hν stands for incident light energy, α for absorption coefficient, Eg

represents band gap energy, and the sort of transition determines n (for indirect permitted
transitions, n = 2, while for direct permitted transitions, n = ½). A is a constant. In ZnS
and ZMN samples, the transition is direct; therefore, n = ½. Figure 7b shows the plot of
(F(R)hν)2 vs. photon energy (hν) of ZnS and ZMN nanoparticles. The calculated optical
band gaps of ZnS, ZMN-1, ZMN-2, and ZMN-3 nanoparticles increased with increasing
Mn concentration: 3.6 eV, 3.51 eV, 3.31 eV, and 3.38 eV, respectively. The decrease in
the optical band gap could be attributed to doping ZnS nanoparticles with manganese,
which introduces impurity energy levels within the ZnS band structure. These impurity
levels can act as intermediate energy states, reducing the material’s effective band gap.
Generally, optical characteristics based on size differences depend on variation in the
electronic density of states at the nanoscale, in which energy levels are quantized and
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discrete rather than continuous in between the atom and bulk scales, with the Fermi energy
being dominant for optical/electrical behavior [57]. The dual-slope nature of the Tauc plots
suggests the presence of sub-bandgap states. While the higher-energy intercept defines
the fundamental optical band gap of the ZnS nanostructures, the lower-energy feature is
associated with dopant-induced impurity levels and structural defects, which facilitate
electronic transitions at lower energies. Furthermore, the addition of Mn2+ ions leads to
the formation of localized impurity states within the energy gap, resulting in lower-energy
transition events [58,59].

 

Figure 6. (a–d) EDS spectrum of ZnS and ZMN samples and (e) EDS mapping images of the ZMN-3
sample.
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Figure 7. (a) Diffuse reflectance spectra of ZnS and ZMN nanoparticles; (b) the plot of (F(R)hν)2 vs.
photon energy (hν) of ZnS and ZMN nanoparticles.

3.4. Photoluminescence Studies

The photoluminescence (PL) emission spectra of ZnS nanoparticles doped with
varying Mn concentrations were analyzed, and the results are presented in Figure 8.
These were collected at ambient temperature with an excitation wavelength of 340 nm
and a detection range of 400–800 nm. The photoluminescence (PL) process involves pho-
toexciting a valence-band electron across the band gap, which then decays to various defect
states via the usual recombination process. Photoluminescence spectra are an essential
tool for detecting crystal structures, defect states, and emission peaks, providing insights
into the electronic and optical properties of the material [46]. The study reveals a distinct
enhancement in PL intensity with increasing Mn concentration, highlighting the role of
dopant ions in tuning the luminescence properties of ZnS. The emission peaks of pure ZnS
were observed at 550 and 470 nm (2.25 eV and 2.63 eV), corresponding to intrinsic defect
and band–edge transitions of ZnS. The emission peak that appears at 470 nm is ascribed
to sulfur bonds at the interface of ZnS nanoparticles, while the green photoluminescence
peak at 550 nm validates the distinguishing feature of Zn2+ as luminous locations within
the lattice. Furthermore, green PL emissions could be associated with the shift from the
shallow donor (sulfur-vacancy) to the “t2” stage [2,60]. There were noticeable shifts in the
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location and intensity of the emission peaks after Mn doping. The photoluminescence
emission spectra of doped ZnS nanopowder indicate that the peak emission bands are
located at 600, 597, and 598 nm for 0.89%, 1.03%, and 1.27% Mn2+, respectively. The
photoluminescence spectra displayed a prominent yellow-orange band at 600 nm, which
was ascribed to the radiative transitions of electrons in the 3d5 unfilled shell of Mn2+ions
4T1(4G) → 6A1(6S) transition [61,62]. The PL intensity increased progressively with increas-
ing Mn concentration. This enhancement is likely due to an optimal Mn-ion concentration,
acting as luminescent centers without significant quenching effects from non-radiative
recombination pathways. The observed red shift and increased PL intensity underscore
the impact of Mn doping on tailoring the optical properties of ZnS nanoparticles. The
ability to control emission characteristics through dopant concentration makes Mn-doped
ZnS an excellent candidate for optoelectronic applications, such as light-emitting diodes,
phosphors, and bio-imaging probes. Figure 8b shows a schematic energy band diagram
of Mn-doped ZnS nanoparticles illustrating the proposed luminescence mechanism. The
diagram shows the UV excitation (340 nm). Upon UV excitation at 340 nm, electrons
are promoted from the valence band to the conduction band. In the pure ZnS host, the
blue emission at 470 nm originates from the recombination of electrons at interstitial zinc
(IZn) or sulfur vacancy (Vs) levels [63]. The transport of electrons from the sulfur vacancy
(VS) to the low-energy (valence) band induces the green emission at 550 nm [64]. The
green light emission exhibits a significant photoluminescence peak at 550 nm (2.25 eV),
likely resulting from the recombination of holes in the lower energy valence band with
negatively charged electrons localized in a sulfur vacancy (VS) [65]. Arora et al. reported
analogous photoluminescence emissions at 530 nm in manganese-doped cadmium sulfide
nanostructures [66]. The third significant orange emission band, centered at ~600 nm, is
detected in all three doped samples. The energy transfer during the internal transitions
of Mn ions within the 3d orbitals induced an orange emission at 600 nm with increased
intensity. The substitution of Mn2+ for Zn in the Zn–S lattice alters the energy levels and
induces lattice deformation due to discrepancies in ionic sizes [67]. Upon the incorporation
of Mn into ZnS, Mn2+ ions function as luminescent centers, establishing a robust connection
between the s-p states of the Mn–Zn–S framework. The energy transition between 4T1 and
6A1 in the 3 d5 configuration of Mn2+ ions correlates with the broader band observed at
~600 nm, associated with orange light emission in ZMN samples [68].

3.5. Electrical Features

Relations between frequency and impedance, ac conductivity, and dielectric constant
are illustrated in Figure 9a–c. The aforementioned electrical parameters of ZnS nanoparti-
cles exhibit variations over a frequency range from 50 Hz to 5 MHz. The dielectric constant
(k) is estimated using the following relation [69]:

k =
Cd

ε0 A
(6)

Here, C represents the capacitance, drepresents the sample thickness, ε0 is the permit-
tivity of the free space, and Adenotes the sample area. The sample thicknesses are listed in
Table 1. Figure 9a shows that the dielectric constant decreases with increasing frequency,
exhibiting significant dispersion at low frequencies but remaining stable at higher frequen-
cies. The results indicate that the dielectric constant is highly dependent on the frequency
of the applied AC signal. At lower frequencies, ZnS nanoparticles exhibit a high dielectric
constant due to contributions from electronic, ionic, dipolar, and space charge polarizations,
all of which vary with frequency [70]. Space charge polarization, typically active at low
frequencies, serves as an indicator of the nanoparticles’ purity and structural quality. Its
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effect is particularly pronounced within the low-frequency range. The dielectric constant
decreases with increasing frequency, as space charge and dipolar polarizations cannot
respond quickly to high-frequency AC fields. It is observed that all Mn-doped samples
exhibit a larger ε՝ than the pure sample. Mn doping enhances the dielectric constant slightly
by creating additional polarization centers. The fluctuations in ac conductivity and the
frequency of the synthesized nanoparticles are displayed in Figure 9b. The conductivity is
generally influenced by grain boundaries, which act as barriers to charge–carrier movement,
leading to charge accumulation and impacting overall electrical conductivity, especially
in polycrystalline materials. These boundaries can enhance conductivity. Conductivity
increases with increasing doping concentration, with the maximum value occurring at
a higher frequency. Figure 9c represents the relation of impedance with frequency; the
results show that the impedance diminishes with manganese doping concentration and
frequency. Higher frequency values indicated reduced dispersion.

 

 

Figure 8. (a)The PL spectrum of ZnS and ZMN nanoparticles; (b) energy level diagram of PL
emissions of pure ZnS and Mn-doped ZnS nanoparticles.
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Figure 9. Relation between frequency and (a) the dielectric constant, (b) the AC conductivity, and
(c) the impedance at ambient temperature.
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3.6. Photodetector Measurements

Figure 10 illustrates the photoconductive properties of the synthesized and Mn-doped
ZnS nanoparticles under UV light with a wavelength of 460 nm and an intensity of
100 mW/cm2. The photocurrent exhibits linear behavior with the applied potential, indi-
cating the ohmic nature of the samples. Furthermore, it is noted that Mn doping greatly
increases the photocurrent from 0.8 mA, 1.3 mA, 3.8 mA, and 3.1 mA for pure ZnS, ZMN-1,
ZMN-2, and ZMN-3, respectively. This could be ascribed to charge carriers being collected
at the electrodes, with few recombination events and electron–hole pairs being readily
generated. ZMN-2 exhibits the highest photocurrent among the three samples. This could
be explained by the sample’s smaller band gap, which increases its interaction with the
incoming UV light. Figure 11 shows the ZMN-2 sample’s (I-V) characteristics under light
(various filters) (460–610 nm). The maximum current of 3.8 mA was measured at 460 nm,
which is the closest wavelength to UV light and matches the band gap.

 

Figure 10. (a) I-V characteristic curves for all samples at dark current; (b) I-V characteristic curves of
all samples under illumination.
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Figure 11. Current–voltage (I-V) characteristic curves of the ZMN-2 photodetector with different
wavelengths.

Three key parameters, responsivity (R), detectivity (D*), and external quantum effi-
ciency (EQE), can be used to characterize a photodetector’s performance. The relationship
between the photocurrent (Ip) generated by the incoming light (Pin) and the photodetec-
tor’s effective area (A), referred to as the sample’s photoresponsivity, has been computed
using the following formula [71], and Table 2 displays the results.

R =
Ip

Pin × A
(7)

where Ip, A, and Pin denote the photocurrent, effective area, and incident light power,
respectively. Table 2 reveals that responsivity increases from 0.8 × 10−2 A/W to a peak of
3.6 × 10−2 A/W for ZMN-2, then declines to 2.95 × 10−2 A/W at ZMN-3. The optimal
responsivity for ZMN-2 results from reduced band gap, which enhances photocurrent
generation [72]. These values surpass previously reported results: A. Jesu Jebathew et al.
obtained 2.24 × 10−2 A/W [71]. Detectivity, a key parameter describing the photodetector’s
ability to detect weak optical signals, can be calculated from the following equation [73,74].

D∗ = R

√
A

2eId
(8)

In this context, R signifies the photoresponsivity, A represents the effective area, e
denotes the elementary charge of an electron, and Id corresponds to the dark current.
The introduction of manganese doping in ZnS enhances the D* values from 2.25 × 109

to 4.65 × 109 Jones for pure NiO and ZMN-2, while further increments of Mn result in
a consistent decline in values for ZMN-3, which is measured at 4.18 × 109 Jones, as detailed
in Table 2. The peak value documented for ZMN-2 can be attributed to its exceptional
crystalline structure and absorption properties. External quantum efficiency (EQE), the
third pivotal parameter, is defined as the ratio of the number of absorbed photons to the
number of electrons collected over a specified duration, and it was computed to evaluate
the performance using the following equation [75].

EQE = R
hc

eλnm
× 100 = R

1240
λnm

× 100 (9)
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where λ, c, and h denote the laser wavelength, speed of light, and Planck’s constant,
respectively. The external quantum efficiency values for pristine, ZMN-1, ZMN-2, and
ZMN-3 samples were calculated to be 2.3%, 3.2%, 9.8%, and 7.9%, respectively. Figure 12
shows the detectivity, external quantum efficiency, and responsivity of the ZnS photosensors
at different Mn concentrations. Among all fabricated samples, the ZMN-2 sample exhibits
the highest performance, with a quantum efficiency of 9.8% that significantly exceeds other
doping levels. All three key parameters, responsivity, quantum efficiency, and detectivity,
increase progressively as Mn concentration rises from 0.0 to 1.03% Mn2+. These results
establish ZMN-2 as the optimal concentration for photosensor device fabrication, given its
superior performance characteristics.

Figure 12. Key photodetector parameters of ZnS and Mn-doped ZnS samples at 1 V bias and 460 nm
wavelength.

The rise in quantum efficiency from 0.0 to 1.03% Mn2+ ions results from the greater
availability of active sites and the effective transfer of energy from the host matrix to the
Mn2+ ions, thereby enhancing radiative recombination. The optimal quantum efficiency
is achieved by ensuring that the manganese ions are sufficiently distributed to reduce
non-radiative processes and maximize radiative processes (charge-transfer efficiency). On
the other hand, above an optimal doping level of 1.27% Mn2+ ions, concentration quenching
occurs due to closer distances between Mn2+ ions, thereby enabling non-radiative energy
transfer and cross-relaxation processes.

The performance of the proposed Mn-doped ZnS photo detector in Table 2 has been
compared with that of existing ZnS and doped ZnS photodetectors synthesized by various
methods. Clearly, almost all undoped ZnS photodetectors have a fairly low responsivity in
the range of 10−6 to 10−3 AW−1, with moderate detectivity. On the other hand, despite a few
exceptions, most of the doped ZnS photodetectors, like Cu and Pr-doped ZnS, display
higher values of responsivity and detectivity; however, they do not provide optimum
values for all three important parameters, such as responsivity, EQE, and detectivity,
simultaneously. The Mn-doped ZnS photodetector developed in the current study is
characterized by a very good combination of responsivity, EQE, and detectivity, exhibiting
a high responsivity of (3.64 ± 0.11) × 10−2 AW−1, an EQE of 9.7 ± 0.2%, and a high value
of detectivity of (4.65 ± 0.14) × 109 Jones when operated under UV illumination.
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Table 2. Comparative table of photodetector performance characteristics.

Material Synthesized Way Spectral Range
(nm)

Responsivity
(AW−1) EQE (%) Detectivity D*

(Jones) Ref.

ZnS Electron-beam
deposition method UV light 24.5 × 10−5 7.85 - [76]

ZnS Solvothermal method UV light 0.17 × 10−4 - 0.014 × 109 [77]

ZnS Solvothermal method UV light 2.61 × 10−3 0.009 0.36 × 109 [78]

ZnS One-step hydrothermal
synthesis UV light 8.94 × 10−5 - 6.51 × 108 [79]

Cu-doped ZnS Co-precipitation
method UV light 2.24 × 10−2 7.23 - [71]

ZnS/α-Ga2O3/FTO SILAR UV light 12.9 × 10−3 - - [80]

ZnS:Cu/n-Si Thermionic vacuum arc
(TVA) deposition UV light 14.9 × 10−2 - - [81]

ZnO/ZnS/PVC
composite Hydrothermal method UV light 0.187 × 10−6 - 5.18 × 106 [82]

Pr-doped ZnS Nebulizer spray
pyrolysis UV light 5.30 × 10−3 5.27 3.76 × 109 [83]

Mn-doped ZnS Co-precipitation
method UV light (3.64 ± 0.11) × 10−2 9.7 ± 0.2 (4.65 ± 0.14) × 109 Our work

4. Conclusions
This study successfully synthesized and characterized Mn-doped ZnS nanoparticles,

highlighting the influence of Mn doping on their structural, optical, morphological, and
electrical properties. XRD results confirmed the cubic crystal structure of the samples, with
an increase in crystallite size at optimal Mn concentrations. SEM analysis demonstrated
the formation of spherical, well-dispersed nanoparticles, and EDS verified the uniform
incorporation of Mn into the ZnS matrix. The photoluminescence analysis revealed en-
hanced luminescence intensity and a red shift in emission peaks due to the introduction
of Mn2+-related energy levels, which act as efficient luminescent centers. Electrical mea-
surements further showed improvements in dielectric constant and conductivity with Mn
doping, underscoring the potential of these materials for advanced electronic applications.
The findings of this study emphasize the importance of controlled doping in tuning the
properties of ZnS nanoparticles. Mn doping not only improves luminescence and electri-
cal characteristics but also introduces tunable optical properties, making these materials
highly suitable for applications in optoelectronic devices, phosphors, and bio-imaging.
Future research could explore higher doping levels, alternative synthesis methods, and
real-world device integration to fully harness the potential of Mn-doped ZnS nanoparti-
cles. The ZMN-2 photodetector exhibited optimal performance parameters: responsivity of
3.6 × 10−2 AW−1, EQE of 9.8%, and detectivity of 4.65 × 109 Jones. This study demonstrates
how Mn doping affects the optical and photoconductivity properties of ZnS nanoparticles,
suggesting their suitability for optoelectronic applications.
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55. Szabó-Bárdos, E.; Somogyi, K.; Törő, N.; Kiss, G.; Horváth, A. Photocatalytic decomposition of l-phenylalanine over TiO2:
Identification of intermediates and the mechanism of photodegradation. Appl. Catal. B Environ. 2011, 101, 471–478. [CrossRef]

56. Kripal, R.; Gupta, A.K.; Mishra, S.K.; Srivastava, R.K.; Pandey, A.C.; Prakash, S. Photoluminescence and photoconductivity
of ZnS:Mn2+ nanoparticles synthesized via co-precipitation method. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2010, 76,
523–530. [CrossRef]

57. Mamiyev, Z.Q.; Balayeva, N.O. Optical and structural studies of ZnS nanoparticles synthesized via chemical in situ technique.
Chem. Phys. Lett. 2016, 646, 69–74. [CrossRef]

58. Divya, A.; Reddy, B.; Sambasivam, S.; Kumar, K.S.; Reddy, P.S. Structural and optical characterization of ZnS nanoparticles
co-doped with Mn and Te. Phys. E Low-Dimens. Syst. Nanostruct. 2011, 44, 541–545. [CrossRef]

59. Khan, M.S.; Shi, L.; Yang, X.; Ali, S.; Ullah, H.; Zou, B. Optoelectronic and magnetic properties of Mn-doped and Mn–C co-doped
Wurtzite ZnS: A first-principles study. J. Phys. Condens. Matter 2019, 31, 395702. [CrossRef]

60. Peng, W.; Cong, G.; Qu, S.; Wang, Z. Synthesis and photoluminescence of ZnS:Cu nanoparticles. Opt. Mater. 2006, 29, 313–317.
[CrossRef]

61. Bhargava, R.; Gallagher, D.; Hong, X.; Nurmikko, A. Optical properties of manganese-doped nanocrystals of ZnS. Phys. Rev. Lett.
1994, 72, 416. [CrossRef]

62. Bol, A.; Meijerink, A. Long-lived Mn2+ emission in nanocrystalline ZnS:Mn2+. Phys. Rev. B 1998, 58, R15997. [CrossRef]
63. Wu, J.-C.; Zheng, J.; Wu, P.; Xu, R. Study of native defects and transition-metal (Mn, Fe, Co, and Ni) doping in a zinc-blende CdS

photocatalyst by DFT and hybrid DFT calculations. J. Phys. Chem. C 2011, 115, 5675–5682. [CrossRef]
64. Deka, K.; Kalita, M.P. Structural phase controlled transition metal (Fe, Co, Ni, Mn) doping in CdS nanocrystals and their optical,

magnetic and photocatalytic properties. J. Alloys Compd. 2018, 757, 209–220. [CrossRef]
65. Wang, Y.; Herron, N. Photoluminescence and relaxation dynamics of cadmium sulfide superclusters in zeolites. J. Phys. Chem.

1988, 92, 4988–4994. [CrossRef]
66. Arora, S.; Manoharan, S.S. Large shift in the photoluminescent properties of Mn2+-doped nanosized CdS–ZnS solid solutions.

Solid State Commun. 2007, 144, 319–323. [CrossRef]
67. Pejjai, B.; Reddy, V.R.M.; Seku, K.; Kotte, T.R.R.; Park, C. Chemical bath deposition of Mn-doped ZnS thin films using greener

complexing agents: Effect of Mn-doping on the optical properties. Optik 2017, 130, 608–618. [CrossRef]
68. Kole, A.; Tiwary, C.; Kumbhakar, P. Room temperature synthesis of Mn2+ doped ZnS d-dots and observation of tunable dual

emission: Effects of doping concentration, temperature, and ultraviolet light illumination. J. Appl. Phys. 2013, 113, 114308.
[CrossRef]

69. Hastir, A.; Sharma, S.; Singh, R.C. Structural, optical and dielectric properties of lead doped ZnS nanoparticles. Appl. Surf. Sci.
2016, 372, 57–62. [CrossRef]

70. Xue, D.; Kitamura, K. Dielectric characterization of the defect concentration in lithium niobate single crystals. Solid State Commun.
2002, 122, 537–541. [CrossRef]

71. Jesu Jebathew, A.; Karunakaran, M.; Ade, R.; Ponraj, J.S.; Ganesh, V.; Manavalan, R.K.; Bitla, Y.; Yahia, I.; Algarni, H. Highly
sensitive hexagonal-shaped ZnS–Cu thin films for photo-detector applications. J. Mater. Sci. Mater. Electron. 2022, 33, 2192–2203.
[CrossRef]

72. Mondal, S.; Sudhu, S.; Bhattacharya, S.; Saha, S.K. Strain-induced tunable band gap and morphology-dependent photocurrent in
RGO–CdS nanostructures. J. Phys. Chem. C 2015, 119, 27749–27758. [CrossRef]

73. Devi, M.D.; Juliet, A.V.; Hariprasad, K.; Ganesh, V.; Ali, H.E.; Algarni, H.; Yahia, I. Improved UV Photodetection of Terbium-doped
NiO thin films prepared by cost-effective nebulizer spray technique. Mater. Sci. Semicond. Process. 2021, 127, 105673. [CrossRef]

74. Abdelmoneim, A.; Abdel-wahab, M.S.; Lee, J.K.; Abdul Hameed, M.M.; Thamer, B.M.; Al-Enizi, A.M.; Alkhalifah, R.I.; Tawfik,
W.Z. High performance of nanostructured Cu2O-based photodetectors grown on a Ti/Mo metallic substrate. Catalysts 2023,
13, 1145. [CrossRef]

75. Shkir, M.; Ashraf, I.; Khan, A.; Khan, M.T.; El-Toni, A.M.; AlFaify, S. A facile spray pyrolysis fabrication of Sm:CdS thin films for
high-performance photodetector applications. Sens. Actuators A Phys. 2020, 306, 111952. [CrossRef]

76. Hajimazdarani, M.; Ghasali, E.; Naderi, N.; Orooji, Y. Enhanced optical properties and photodetection behavior of ZnS thin film
deposited by electron beam evaporation upon doping with europium oxide. Ceram. Int. 2020, 46, 28382–28389. [CrossRef]

https://doi.org/10.3390/cryst16050326

https://doi.org/10.1016/j.apsusc.2014.03.087
https://doi.org/10.1007/s10876-020-01923-3
https://doi.org/10.1016/j.mtcomm.2023.107122
https://doi.org/10.1016/j.matlet.2014.05.176
https://doi.org/10.1016/j.apcatb.2010.10.018
https://doi.org/10.1016/j.saa.2010.04.018
https://doi.org/10.1016/j.cplett.2016.01.009
https://doi.org/10.1016/j.physe.2011.09.010
https://doi.org/10.1088/1361-648X/ab2d98
https://doi.org/10.1016/j.optmat.2005.10.003
https://doi.org/10.1103/PhysRevLett.72.416
https://doi.org/10.1103/PhysRevB.58.R15997
https://doi.org/10.1021/jp109567c
https://doi.org/10.1016/j.jallcom.2018.04.323
https://doi.org/10.1021/j100328a033
https://doi.org/10.1016/j.ssc.2007.08.038
https://doi.org/10.1016/j.ijleo.2016.10.083
https://doi.org/10.1063/1.4795779
https://doi.org/10.1016/j.apsusc.2016.03.046
https://doi.org/10.1016/S0038-1098(02)00180-1
https://doi.org/10.1007/s10854-021-07426-9
https://doi.org/10.1021/acs.jpcc.5b08116
https://doi.org/10.1016/j.mssp.2021.105673
https://doi.org/10.3390/catal13071145
https://doi.org/10.1016/j.sna.2020.111952
https://doi.org/10.1016/j.ceramint.2020.07.342
https://doi.org/10.3390/cryst16050326


Crystals 2026, 16, 326 21 of 21

77. Ebrahimi, S.; Yarmand, B. Solvothermal growth of aligned SnxZn1-xS thin films for tunable and highly response self-powered UV
detectors. J. Alloys Compd. 2020, 827, 154246. [CrossRef]

78. Prasad, N.; Karthikeyan, B. Phase-dependent structural, optical, phonon and UV sensing properties of ZnS nanoparticles.
Nanotechnology 2019, 30, 485702. [CrossRef]

79. Kumar, A.; Kumar, M.; Bhatt, V.; Kim, D.; Mukherjee, S.; Yun, J.-H.; Choubey, R.K. ZnS microspheres-based photoconductor for
UV light-sensing applications. Chem. Phys. Lett. 2021, 763, 138162. [CrossRef]

80. Chang, Y.-Y.; Fan, M.-M.; Xu, X.-J.; Wang, Y.-D.; Cao, L. A fast-speed self-powered ZnS nanoparticles/α-Ga2O3 nanorod
array/FTO UV photodetector based on a photoeletrochemical cell for outdoor UV detection. Chem. Phys. Lett. 2023, 832, 140879.
[CrossRef]

81. Kaplan, H.K. High-speed Cu-doped ZnS/n-Si heterojunction photodiode for enhanced UV detection. J. Alloys Compd. 2025,
1038, 182849. [CrossRef]

82. Houadsi, H.; Benzitouni, S.; Zaabat, M.; Remache, L.; Mahdjoub, A. Effect of thiourea concentration on the structural, optical and
photoelectric properties of ZnO/ZnS/PVC composite films used as flexible UV photodetectors. Appl. Phys. A 2024, 130, 820.
[CrossRef]

83. Balakarthikeyan, R.; Santhanam, A.; Vinoth, S.; Abdeltawab, A.A.; Mohammady, S.Z.; Ubaidullah, M.; Shaikh, S.F.; Samdani, M.S.;
Manthrammel, M.A.; Shkir, M. Enhancing the optoelectronic properties of low-cost nebulizer spray pyrolysis (NSP) prepared
ZnS thin film through praseodymium doping for photodetector applications. Mater. Sci. Eng. B 2023, 289, 116213. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cryst16050326

https://doi.org/10.1016/j.jallcom.2020.154246
https://doi.org/10.1088/1361-6528/ab3cbf
https://doi.org/10.1016/j.cplett.2020.138162
https://doi.org/10.1016/j.cplett.2023.140879
https://doi.org/10.1016/j.jallcom.2025.182849
https://doi.org/10.1007/s00339-024-07965-y
https://doi.org/10.1016/j.mseb.2022.116213
https://doi.org/10.3390/cryst16050326

	Introduction 
	Experimental Section 
	Chemicals 
	Synthesis of Nanoparticles 
	Characterization 
	Device Fabrication 
	Photodetection Experiment 

	Results and Discussions 
	Structure Properties 
	Morphological and Elemental Analyses 
	Optical Analyses 
	Photoluminescence Studies 
	Electrical Features 
	Photodetector Measurements 

	Conclusions 
	References

