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1. Introduction  

The fascinating combination of semiconductivity 

and magnetism observed in diluted magnetic 

semiconductors (DMS) has drawn more attention 

from researchers [1]. In DMS, the localized 

magnetic moments significantly interact with the 

band electrons and holes to produce a range of 

intriguing phenomena [2]. It has a large optical 

bandgap of (Eg = 3.1-3.7 eV) and potential use in 

solar cells, sensors, and photoconductors [3]. MnS is 

a DMS substance. It is discovered that MnS 

nanoparticles have p-type semiconducting properties 

 

A B S T R A C T 

This study demonstrates a significant enhancement in the performance of sustainable 

dye-sensitized solar cells (DSSCs) through the integration of copper-doped 

manganese sulfide (MnS:Cu) nanoparticles as photoanodes. Undoped, 1% Cu, and 3% 

Cu-doped MnS nanoparticles were synthesized via a facile co-precipitation method. 

X-ray diffraction confirmed a nano-crystalline structure, with the crystallite size on 

the (200) plane increasing from 12.60 nm (undoped) to 14.37 nm (3% Cu). Critically, 

copper doping induced a reduction in the optical band gap from 3.4 eV to 3.2 eV, 

enhancing light harvesting. Morphological analysis revealed a transformation from 

large, flat islands (undoped) to a uniform layer of smaller, spherical nano-grains (~43 

nm for 3% Cu), which improved dye loading and light scattering. Consequently, the 

power conversion efficiency of the fabricated DSSCs increased substantially with 

doping concentration, yielding 0.455%, 0.624%, and 0.905% for undoped, 1% Cu, 

and 3% Cu-doped MnS-based cells, respectively, under standard illumination (100 

mW cm⁻ ², AM 1.5G). This work establishes Cu-doping as a highly effective strategy 

for tailoring the properties of MnS nanoparticles for efficient solar energy conversion. 
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[4]. MnS nanoparticles or powders may adopt 

various polymorphic forms, the most prevalent of 

which is the rock-salt structure (-MnS), which 

crystallizes into the zinc-blende or wurtzite structure 

via low-temperature growth procedures [5]. It has 

been discovered that between (373 and 673) K, and -

MnS can irreversibly convert into the stable -MnS 

[6]. Although the diameters of the crystallites in 

nanocrystalline nanoparticles are just a few 

nanometers, they are polycrystalline. These 

variations are caused by the nanometer-sized grains' 

dimensionality and the many contacts between 

nearby crystallites [7]. Several techniques have been 

used to fabricate MnS thin films, including thermal 

vacuum evaporation [8], MBE [9], RF sputtering 

[10], CBD) [11], solvothermal method [12, 13] and 

spray pyrolysis [14] are just a few of the methods 

that have been used to create MnS nanoparticles. 

Spray pyrolysis, among other methods, is a simple 

and cost-effective technique that produces large-area 

nanoparticles without requiring complex equipment 

such as vacuum systems. [15, 16]. This study 

presents a systematic investigation of low-cost, co-

precipitated Cu-doped MnS nanoparticles for DSSC 

photoanodes, a topic that has been rarely explored. 

Low-level Cu doping (1–3%) induces notable 

structural and optical modifications, including 

bandgap narrowing, resulting in nearly a twofold 

enhancement in DSSC efficiency compared to 

undoped MnS. 

2. Materials and Methods  

2.1 Synthesis of undoped MnS and MnS:Cu 

nanoparticles 

Undoped MnS and MnS:Cu nanoparticles have been 

produced using a co-precipitation technique. To 

summarize, 100 ml of 0.2 M manganese nitrate was 

slowly mixed with 25 ml of 0.05-mole urea using a 

magnetic stirrer and a sonication probe for 30 

minutes. Next, 10 ml of a 0.2 M Na2S solution was 

added to the mixture. The solution changed to pink 

color. After that, the precipitate was filtered and 

rinsed several times with distilled water. The pink 

powder of MnS nanoparticles was formed. For the 

synthesis of MnS NPs, 25 ml of 1% and 3% copper 

nitrate were added to the suspension of MnS NPs 

(0.1 g in 20 ml D.W). After that, the precipitate was 

filtered, rinsed several times with distilled water, and 

dried for 4 hours at 110 oC. The reddish-pink 

powder of MnS: Cu nanoparticles was formed. 

2.2 Fabrication of dye-sensitized solar cells  

Initially, two pastes were prepared from the resultant 

powders to create sandwich-shaped DSSCs. In order 

to accomplish this, 0.5 g of the nano-powder was 

crushed in a mortar, and then 0.05 g of polyethylene 

glycol (PEG) was added. Distilled water, ethanol, 

and acetone were ultrasonically cleaned in an 

ultrasonic bath for 5 minutes to clean the ITO glass 

(80% transmission and 9 Ohm resistance). The 

doctor blade method was then used to apply the 

nano-colloid on the ITO glass substrates, and it was 

annealed for 30 minutes at 150°C `under nitrogen 

flow. The areas of the active electrodes were 2 cm². 

These electrodes, coated with the nano-colloid for 6 

hours, were submerged in 20 mL of 1 mM N719 

dye. Using a sandwich-style assembly, the DSSCs 

were assembled with platinum counter electrodes. 

Finally, the electrolyte (iodine) was introduced 

through small holes in the counter electrodes [17]. 

Sun illumination (Global AM 1.5, 100 mW/cm²) 

was used to test photocurrent-voltage (I–V) curves. 

3. Results and Discussion  

3.1 XRD Analysis 

Using XRD, structural identification was performed 

in the 2θ range from 20° to 70°. Figure 1 depicts the 

XRD pattern of MnS nanoparticles formed at 110 

°C. The crystallography was strong, with five main 

peaks corresponding to the orientations (100), (002), 

(101), (102), and (110), respectively. The XRD and 

standard ASTM data are compared to the detected 

peaks (JCPDS card 40-1289). The materials placed 

on the microscope glass slide are polycrystalline, as 

indicated by the sharp peaks observed. With 

increasing deposition doping from (1 to 3) %, the 

peak intensity of the (200) plane rises, suggesting 

that the crystallinity of the nanoparticles grows 

progressively. There were no diffraction peaks that 

corresponded to contaminants. 

Using Scherrer's formula [17], the average grain size 

(D) is computed. 

𝐷 =
0.9 𝜆

𝛽𝑐𝑜𝑠𝜃
                                                      (1) 
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   Where θ is the Bragg angle, β is FWHM, λ is the 

incoming X-ray wavelength. The low broad peak 

revealed that all of the nanoparticles are nano-

crystalline or composed of fine grains. Table 1 

presents the computed crystallite sizes for 3% Cu 

doping, which range from 12.60 nm to 14.37 nm for 

the (200) plane. The findings show that as 

nanoparticle doping increases, crystallite size 

increases as well. This behavior can be attributed to 

increased defects arising from the combination of 

Mn2+ and Cu2+ ions, since their ionic radii (0.83 and 

0.87, respectively) are nearly equal. In the instance 

of Cu-doped MnS, there was a slight difference in 

the peak locations. For Cu-doped MnS, similar 

outcomes have been reported [18, 20]. 

The relation below [21] was used to compute the 

lattice strain (ε). 

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4
                                                  (2) 

   Where β is the FWHM, θ is the Bragg angle.  

The relation below [22] was used to compute the 

lattice dislocation density (δ). 

𝛿 =
1

𝐷2
                                                       (3) 

     Where D is the average grain size. Figure 2 

displays D, FWHM, strain, and dislocation of 

undoped MnS nanoparticles with dopant at varied 

concentrations of Cu. The FWHM decreases, and D 

increases due to the drop in (δ). δ and ε decrease as 

crystallite size rises [20]. The impact of varying 

doping concentrations on the MnS nanoparticles' 

structural parameters is summarized in Table 1. 

When the FWHM value of a nanoparticles is 

reduced (from 0.65° to 0.57°), it is noted that the 

crystallinity and crystallite size both improve. This 

can be understood because while producing the Cu-

doped MnS nanoparticles, the considerably larger 

Mn2+ ions are replaced by the relatively more minor 

Cu2+ ions. This causes a drop in the lattice constants, 

which causes changes in the crystallite size. Similar 

outcomes for MnS-doped Cu have been reported. 

[23, 24].  

 
Figure 1. X-Ray diffraction patterns of grown 

nanoparticles 

 

 
Figure 2. X-ray parameters of undoped MnS and 

MnS: Cu nanoparticles: (a) Full width at half 

maximum as a function of doping, (b) Grain size as 

a function of doping, (c) Dislocation density as a 

function of doping, and (d) Strain as a function of 

doping

 

Table 1. Microstructural parameters of undoped MnS and MnS: Cu nanoparticles 

Specimen  
2 

)o( 

(hkl) 

Plane 

FWHM 

)o( 

gE 

(eV) 

D 

(nm) 

)1410(×  δ 

)2lines/m(  

ε 

)4-10(×  

Undoped MnS 34.32 200 0.65 3.4 12.60 62.95 27.51 

MnS: 1% Cu 34.30 200 0.63 3.3 13.20 57.37 26.26 

MnS: 3% Cu 34.27 200 0.57 3.2 14.37 48.44 2.76 
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3. 2 AFM Analysis 

   The surface morphology was investigated using 

AFM. AFM instruments showed the topography of 

the produced Undoped and MnS: Cu nanoparticles, 

as illustrated in Figure 3. The surface roughness Ra 

of the nanoparticles is measured using 78nm x 78nm 

pictures. The creation of nanoparticles inside 

nanostructures, coupled with the particle sizes of 

undoped MnS and MnS doped with 1% and 3% Cu, 

is visible. The average particle size, Pav, ranged 

from 88.1 nm to 42.8 nm. With increased Cu content 

from 1% to 3%, the RMS surface roughness fell 

from 9.48 nm to 2.23 nm. Figure 3 illustrates the 

surface's smooth, uniform development and 

granular, crystalline composition with no visible 

flaws. This indicates that the nanoparticles' Pav 

decreases with increasing doping concentration. This 

outcome agreed with the XRD findings [25]. Table 2 

displays the data of the AFM parameters. 

The SEM images (Figure 4) of nanoparticles 

synthesized with undoped and Cu-doped MnS reveal 

significant morphological changes in the synthesized 

nanoparticles due to copper doping. Initially, the 

surface displays distinct, nearly flat islands. 

However, with increased copper doping, a 

noticeable transformation occurs, resulting in a more 

uniform surface coverage characterized by spherical 

nano-grains. The decrease in the size of these nano-

grains with increasing copper doping concentration 

suggests a clear correlation between the level of 

copper doping and the resulting nanostructure [26, 

27]. 

Table 2. AFM parameters of the intended 

nanoparticles  

Samples (nm) avP (nm) aR RMS (nm) 

Undoped MnS 88.1 8.76 9.48 

MnS: 1% Cu 49.7 5.98 8.17 

MnS: 3% Cu 42.8 3.18 2.23 

 

 
Figure 3. AFM images of the prepared films (a1, b1 and c1), granularly distributed (a2, 

b2 and c2) and variation of AFM parameters via doping (a3, b3 and c3) 
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Figure 4. SEM images: (A) Undoped Cu, (B) 1% doped by Cu, and (C) 3% doped by Cu 

 

3.3 Optical analysis 

Experimental measurements are typically 

expressed using the percentage transmittance (T), 

as defined in Equation [28]: 

𝑇% =
𝐼

𝐼𝑜

%                                                         (4) 

Where (I) denotes the light intensity after passing 

through the sample, (Io) represents the initial light 

intensity. 

   Undoped MnS and MnS: Cu nanoparticles 

produced at various doping concentrations were 

studied for their transmittance (T) in the 300-900 nm 

region. In Figure 5, the transmittance spectra are 

given. The absorption edge for all the nanoparticles 

is about 350 nm, and we detect a considerable 

absorption in the UV area for all samples. All of the 

nanoparticles exhibit a high average T of more than 

70% in the visible area. This finding is explained by 

the fact that, as previously demonstrated by AFM 

characterizations, all nanoparticles have a structure 

of grains with a nanoscale. Due to imperfections and 

porosity within the nanoparticles, T falls in the 

visible area as the doping concentration increases 

throughout the growing process. [29, 30]. Figure 6 

displays the absorbance of the nanoparticles versus 

wavelength. It has been noted that the specimens' 

spectrum absorbance is relatively low between 450 

and 900 nm, rapidly increases between 300 and 450 

nm of the UV area, and gradually diminishes as the 

wavelength increases. The spectra also show that 

absorbance increased with increasing Cu ion 

concentration. [31, 32]. 

 
Figure 5. Transmittance undoped Mns and MnS: Cu 

nanoparticles with different dopants 

 
Figure 6. Absorption of undoped MnS and MnS: Cu 

nanoparticles with different dopants 

  The optical absorption coefficient (α) is estimated 

via [33]: 

𝛼 =
1

𝑑
ln (

1

𝑇
)       (5) 
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   Where (d) is the nanoparticles' thickness, and was 

measured to be around 200 nm, (T) is the 

transmittance. As observed in Figure 7, all of the 

nanoparticles are of high quality since every sample 

has a distinct absorption edge. We acknowledge that 

the appearance of energy states in the forbidden 

band at the band margins may cause the shift 

towards lower energies for higher doping levels. The 

relationship between α and incident photon energy 

(ℎ𝑣) can be illustrated  as [34,35]: 

𝛼ℎ𝑣 = 𝐵(ℎ𝑣 − 𝐸𝑔)𝑟                                       (6) 

  Where α is the absorption coefficient ℎ𝑣photon 

energy, B constant, Eg is the energy gap,  r = 1/2 for 

direct permitted transitions. The nanoparticles' plot 

is depicted in Figure 8 as (αhv)2 versus (hv). 

Undoped MnS nanoparticles have a calculated Eg of 

3.4 eV. In comparison, doped MnS nanoparticles 

have a calculated band gap of 3.2 eV, a minor shift 

in Eg. This finding supports the hypothesis that as 

doping levels increase during growth, the optical 

band gap decreases. The quantum-size effect of D, 

which alters the nanoparticles' band gap, is attributed 

to the decrease in Eg with increasing Cu [36, 37]. 

 
Figure 7. Absorption coefficient as a function of 

photon energy of undoped MnS and MnS: Cu 

nanoparticles with different dopants 

      Using the relation, the reflectance (R) data can 

be used to determine the refractive index (n). [38, 

39]: 

𝑅 =
(𝑛 − 1)2

(𝑛 + 1)2
                                                 (7) 

Where n is the refractive index. 

This equation can be used to determine the 

extinction coefficient (k). [40, 41]: 

𝑘 =
𝛼𝜆

4𝜋
                                                              (8) 

   Where λ is the wavelength. Figures 9 and 10 show 

the calculated (n, k) values versus wavelength. The 

figure shows that the refractive index (n) somewhat 

falls when doping concentration increases. The 

results demonstrate that across the spectral range 

from 420 nm to 500 nm, n drops from 3.18 to 3.1 

before becoming practically constant with 

decreasing photon energy [42-44]. With increasing 

doping, it is discovered that k as a function of 

wavelength decreases, which may be because the 

dopant element alters the breadth of localized states 

in the optical band [45,46]. This optical absorption 

behavior is reflected in n and k behaviour.  

 
Figure 8. (𝛼ℎ𝑣)2 as a function of photon energy of 

undoped MnS and MnS: Cu nanoparticles with 

different dopants 
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Figure 9. Extinction coefficient  of undoped MnS 

and MnS: Cu nanoparticles with different dopants 

 

 
Figure 10. Refractive Index of undoped MnS and 

MnS: Cu nanoparticles with different dopants 

 

3.4 J-V Characteristics  

The J-V characteristics of each solar cell made up of 

undoped MnS and MnS:Cu nanoparticles are shown 

in Figure 11. Cu nanoparticles with varying doping 

levels. The following equations were used to 

calculate the fill factor and cell efficiency [47,48]: 

ɳ =𝑝𝑚

𝑝𝑖𝑛 
–× 100%     (9 ) 

F.F = 
𝐽𝑚  𝑉𝑚

𝐽𝑠𝑐  𝑉₀𝑐
                                               (10 ) 

The calculated values obtained from each solar cell's 

J-V curve are displayed in Table 3. The most notable 

trend is the change in conversion efficiency, open 

circuit voltage, and short-circuit current density—all 

correlated with the doping ratio. This may be 

explained by the fact that more dye is deposited on 

the surface as particle size increases. Consequently, 

a doping ratio of 3% yields the maximum short-

circuit current density. This style is acceptable 

because the MnS nanoparticles were produced from 

the same MnS source and in the same manner, 

resulting in identical surface chemistry and particle 

packing. The most noticeable trend, which solely 

correlates with particle size, is the shift in short-

circuit current density and total light conversion 

efficiency. While it was anticipated that smaller 

particles would be able to absorb more dye because 

of their larger surface area, it was shown that 

particles with lower diameters have superior dye 

absorption because the electrolyte diffuses more 

successfully through the pores, improving the light 

conversion efficiency as a whole. Smaller particles 

showed superior dye adsorption, suggesting that 

MnS nanoparticles of smaller particles have a more 

effective surface area for producing electron holes 

and absorbing more photons. Improving the photo 

electrode's ability to absorb light optically is closely 

linked to small particle size. According to Mie 

scattering theory, the small particle size works as 

light scattering, increasing the probability of 

adsorbed photons [49-51]. 

 
Figure 11. Current density as a function of voltage 

curve (J -V curves) undoped MnS and MnS:Cu 

nanoparticle

                              

Table 3. DSSC parameters of the MnS and MnS:Cu nanoparticles 

 Photo-anode 

NPs 

Voc 

 (V) 

J sc 

(A/cm-2 ) 

V max  

(V) 

J max 

(A/cm-2) 

P max 

(W/cm-2 ) 

F.F η % 
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MnS 0.41 0.00242 0.26 0.00175 0.000455 0.456 0.455 

MnS: 1% Cu 0.43 0.00265 0.33 0.00189 0.000624 0.548 0.624 

MnS: 3% Cu 0.46 0.00277 0.39 0.00232 0.000905 0.710 0.905 

 

4. Conclusion 

This study successfully demonstrates that copper 

doping is a potent tool for enhancing the efficacy of 

MnS nanoparticles in DSSCs. The co-precipitation 

synthesis yielded phase-pure, nano-crystalline 

MnS:Cu. Critical findings reveal that Cu 

incorporation not only increased crystallite size but 

also fundamentally altered the surface morphology, 

resulting in a more homogeneous, finer-grained 

structure that is optimal for dye adsorption and light 

scattering. The resulting reduction in the optical 

band gap from 3.4 eV to 3.2 eV extended the light 

absorption range. These synergistic structural and 

optical improvements directly led to a dramatic 

enhancement in photovoltaic performance, with 

efficiency doubling from 0.455% to 0.905% in the 

3% Cu-doped sample. This work conclusively 

establishes low-level Cu-doping as a simple and 

effective strategy for engineering high-performance 

MnS-based photoanodes for sustainable solar energy 

applications. 
 

5. Imitations and Future Work 

 

While this study demonstrates the promise of 

MnS:Cu nanoparticles, certain limitations exist. The 

power conversion efficiency, though significantly 

improved, remains lower than that of state-of-the-art 

TiO₂ -based DSSCs. The stability of the cells under 

prolonged illumination was not investigated. Future 

work will focus on optimizing the doping percentage 

beyond 3%, exploring core-shell structures to 

mitigate charge recombination, and conducting long-

term stability tests. Additionally, the application of 

these nanoparticles in other optoelectronic devices, 

such as photodetectors and sensors, will be explored. 
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Nomenclature 

2θ Diffraction Angle 

A Area 

α Absorption Coefficient 

B Tauc's Relation Constant 

β Full Width at Half Maximum (FWHM) 

cm Centimeter 

D Crystallite Size 

d Thickness 

δ Dislocation Density 

ε Lattice Strain 

Eg Energy Band Gap (eV) 

FF Fill Factor 

hν Photon Energy 

I Transmitted Light Intensity 

Iₒ Incident Light Intensity 

J Current Density (A/m²) 

J_max 
Current Density at Maximum Power 

(A/m²) 

J_sc Short-Circuit Current Density(A/m²) 

k Extinction Coefficient 

λ Wavelength (nm) 

n Refractive Index 

nm Nanometer (m) 

Pmax Maximum Power (W) 

R Reflectance (%) 
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