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1 Introduction 

Thin-film semiconductor materials have found quite copious 

applications in many modern electronic devices today. In 

optoelectronic device application in particular, thin-film 

semiconductors have demonstrated great applications in the 

development of many devices made of photovoltaic solar cells, 

light-emitting diodes (LEDs), photodetectors, optical fibre, 

light amplification by the stimulated emission of radiation 

(LASER) etc., [1]. 

The semiconductor thin films of cadmium sulfide (CdS) have 

been greatly utilized in the fabrication of window layer for 

photovoltaic solar cells with the absorber layers of CdTe, Cu2S, 

or CuInSe2 regarding its high absorption coefficient in the 
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wavelength range of ultra-violet (UV) and visible (VIS) 

regions of the electromagnetic spectrum [2–4]. 

The conversion efficiency of 22.1% have been recorded for 

CdS/CdTe based solar cells and have been contributing to one 

of the current market leaders for thin-film photovoltaics (PV) 

cells, [5]. CdS thin films have been described as a very 

important n-type semiconductor material of group II-VI which 

have bulk bandgap energy of about 2.42 eV, [6]. This particular 

property has placed CdS thin films as one of the promising and 

potential materials for many electronics and optoelectronic 

device applications. 

Regarding the potential applications of the CdS thin films for 

many device fabrications, efforts are being made by 
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 Optical properties of semiconductor thin film alloys of cadmium manganese sulfide (CdMnS) 

deposited on fluorine-doped tin oxide (FTO) using an electrodeposition method is investigated for 

their possible optoelectronic device applications in this work. Cadmium sulphate, manganese 

sulphate and thiourea were starting materials used to source for sources of Cd, Mn and S ions 

respectively. Three electrodes configuration was utilized with the FTO serving as working 

electrode while Platinum rod and Ag/AgCl were used as counter and reference electrode 

respectively. The deposited thin films were characterized for their optical properties to determine 

their possible applications in optoelectronic devices. The result showed that the absorbance, 

absorption coefficient, refractive index and optical conductivity of the deposited thin films of 

CdMnS are high and influence by deposition voltage. The films have low reflectance and extinction 

coefficient in the visible and near-infrared regions of the electromagnetic spectrum. The bandgap 

energy of the films was found to be 2.6 eV, 2.7 eV, 2.8 eV, 2.7 eV and 2.5 eV for the films deposited 

at 1.6 V, 1.8 V, 2.0 V, 2.2 V and 2.4 V respectively. The structural and morphological properties 

of the films were also studied and discussed. These observed properties exhibited by films of 

CdMnS position them for optoelectronic applications especially in photovoltaic cells for solar 

energy harnessing. 
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researchers to further explore its device applications and for 

high-performance improvement.  

To achieve this, one way forward is the incorporation of 

foreign materials/elements into the crystals lattice of the 

semiconductor thin films through the process of alloying or 

control doping [7]. The use of materials that have inbuild 

magnetic characteristics such as Manganese (Mn), Iron (Fe), 

Cobalt (Co), Nickel (Ni) etc. for this purpose have been tipped 

to demonstrate high-performance improvement to further 

explore the uses of CdS thin films when incorporated with ions 

of magnetic elements by allowing the possibility of tailoring 

their properties, [8, 9].  

The high performance of ternary semiconductor thin films of 

CdS so obtained by incorporating these magnetic materials is 

known to stem from their peculiar properties arising through 

the process of the exchange interaction between the mobile 

spins of the conduction electrons and localized spins of the 

incorporated magnetic elements [10]. 

To that effect, Manganese-doped cadmium sulfide quantum 

dots fabricated using successive ionic layer adsorption and 

reaction (SILAR) method have been reported to demonstrate a 

higher power conversion efficiency (η) of 2.85%, than the 

value of 2.11% obtained with bare CdS. The improved 

photovoltaic performance was attributed to the impurities from 

Mn2+ doping of CdS, which have an impact on the structure of 

the host material and consequently decreased the surface 

roughness, [11].  

The Mn-doped CdS (Mn: CdS) and ZnS (Mn: ZnS) nanowires 

synthesized using chemical vapor deposition (CVD) method 

have been reported to open up opportunities for fundamental 

studies of optical, electrical, and magnetic properties in quasi-

one-dimensional diluted magnetic semiconductor (DMS) 

systems which could lead to the development of nanoscale 

spintronic devices.  

[12, 13]. reported the effect of manganese doping on bandgap 

energy of CdS nano-films deposited by electrodeposition 

method and found that bandgap energy of the CdS nanofilms 

increased with the increase of Mn percentage doping in the 

range of 2.02 eV to 2.35 eV. They observed that there was a 

decrease in band gap energy values of CdS films with different 

Mn percentage doping and attributed it to sp-d exchange 

interaction between the band electrons and localized d-

electrons of Mn ions substituting Cd2+. They suggested that 

such Mn-doped CdS films could serve as a suitable material for 

applications in thin films solar cells and other optoelectronic 

devices.  

The thin films of Cd1-xMnxS deposited at various manganese 

ion concentrations from 0 to 0.15 using the chemical bath 

method have been reported by [14]. The author stated that the 

thin films of Cd1-xMnxS exhibited high transmittance of over 

90%, for wavelength above the bandgap absorption edge and 

suggested that the high transmittance with consequent low 

reflectance properties make the films ideal as a window 

material for heterojunction solar cells applications. Thin films 

of Cd1−xMnxS (0 ≤ x ≤ 0.5) synthesized using chemical 

deposition technique have also been reported by [15] to 

demonstrate good potentials for photoelectrochemical cells 

applications for conversion of light into electrical energy and 

can be engineered to cope with the maximum span of the solar 

spectrum. 

In this article, we report the optical properties of CdMnS thin 

films semiconductor alloys deposited using an 

electrodeposition technique by varying deposition voltage for 

optoelectronic applications. 

2 Materials and Method 

2.1 Preparation of the CdMnS Thin Films 

To prepare the ternary chalcogenide thin-film semiconductor 

alloys of CdMnS; Cadmium sulphate (CdSO4.H2O), 

manganese sulphate (MnSO4.H2O) and thiourea (CH4N2S) 

were the main starting materials for the sources of Cd, Mn and 

S ions respectively. Ethylenediaminetetraacetic acid (EDTA) 

and sodium tri-sulphate (Na2SO3) were used as a precipitating 

agent and supporting electrolyte respectively.  

The method used is the electrodeposition method in which the 

principle of Faraday's law is utilized to deposit thin-film 

material on a conductive substrate. Three electrodes 

configuration setup which comprises of high purity platinum 

rod is used as a counter electrode, conductive fluorine-doped 

tin oxide (FTO) substrate used as working electrode, standard 

Ag/AgCl electrode used as reference electrode, 100 ml glass 

beaker was used as reaction bath, two digital multimeters 

(DT890C7 and Mastech: MY60) were used to measure current 

and voltage while potentiostat (model Zhaoxin: RXN-3010D) 

was as DC supply unit. 

To deposit the CdMnS thin films; 10 ml of 0.2 M CdSO4.H2O, 

10 ml of 0.1 M (CH4N2S), 5 ml of 0.025 M 

ethylenediaminetetraacetic acid (EDTA) as a complexing 

agent and 10 ml of 0.05 M Na2SO3 as supporting electrolyte 

were used to complexes the ions of Cd and S. Thereafter, 10 ml 

of 0.1 M MnSO4.H2O was added to the bath containing the 

solution of the sources Cd2+ and S2- ions.  

The setup was completed by inserting the electrodes in the 

reaction bath containing the solution and thin films of CdMnS 

were seen depositing on the conductive FTO glass substrate by 

passing a current through the solution at a controlled voltage of 

1.6 Volts for 60 seconds.  

The process was repeated four more times by varying 

potentials (voltages) in the order of 1.6 V, 1.8 V, 2.0 V, 2.2 and 

2.4 V while the concentration of the reagents including 

deposition time of 60 seconds was kept constant. The five 

samples of the CdMnS thin films fabricated are presented in 

table 1.
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Table 1: Preparation of CdMnS thin films by varying deposition voltage 

Bath Name CdSO4.H2O MnSO4.H2O CH4N2S EDTA Na2SO3 Time 

(s) 

Conc. 

(Mol) 

Vol. 

(ml) 

Conc. 

(Mol) 

Vol. 

(ml) 

Conc. 

(Mol) 

Vol. 

(ml) 

Conc. 

(Mol) 

Vol. 

(ml) 

Conc. 

(Mol) 

Vol. 

(ml) 

 

 

60.00 
0.2 10 0.1 10 0.1 10 0.025 5.0 0.05 10 

Deposition 

Voltage (V) 1.60 1.80 2.00 2.20 2.40 

2.2 Characterization of the Deposited CdMnS Thin Films 

The deposited thin films of CdMnS were characterized for their 

thickness and optical properties to determine their possible 

areas of device applications using the gravimetric method and 

UV-VIS spectrophotometric technique. The thickness of the 

films was estimated using the relation as given by [16-18]: 

where M represents the mass of the thin films deposited on the 

surface of the FTO glass substrate, which was calculated via 

the expression: 

where m2 is the mass of the FTO glass substrate after the film 

deposition, m1 is the mass of plain FTO glass substrate before 

the film is deposited, ρ is the bulk average densities (g/cm3) of 

CdS and Mn, Sa is the surface area of the substrate the thin films 

were deposited. 

The optical properties were determined using UV-VIS 

Spectrophotometer (model: U756S-19-018) by measuring the 

absorbance of the deposited thin films. The absorbance 

measurement was carried out in the wavelength range of 200 

nm to 1100 nm at an interval of 1 nm and a delay time of zero 

seconds.  

The measured absorbance values of the films were used to 

calculate other optical properties using appropriate 

formula/equations. To that effect, the percentage transmittance 

of the films was calculated using the formula as given by [19]: 

where A is the measure absorbance of the films. 

Reflectance: the percentage reflectance of the films was 

calculated using the conservation law as given by [20]: 

Rearranging gives: 

𝑅 = 1 − (𝐴 + 𝑇) (5) 

where A and T are the measured absorbances and calculated 

transmittance from equation (3). 

Absorption coefficient (α): this property for the deposited thin 

films of CdMnS was estimated using the relation given by [21, 

22]: 

𝛼 =
1

𝑡𝑓

(𝐿𝑛𝑇−1) (6) 

where tf is the film thickness and T is the transmittance of the 

films. 

Extinction coefficient (k): the extinction coefficient k of the 

films was calculated from the relation given by [23]: 

𝑘 =
𝛼𝜆

4𝜋
 (7) 

where α is the absorption coefficient of the films and λ is the 

wavelength of light. 

Refractive index (ɳ): the refractive index was calculated via 

the relation as given by [24]: 

𝑛 = (1 + √𝑅)/(1 − √𝑅) (8) 

where R is the reflectance of the films. 

Optical conductivity: The optical conductivity of the 

deposited thin films was calculated using the relation given by 

[25, 26]: 

Where α is the absorption coefficient, η is the refractive index 

and C is the speed of light. 

Bandgap energy (Eg): the bandgap energy of the deposited 

thin films of CdMnS was estimated from the plot of Tauc 

relation as given [27]: 

Where r is known as transition factor which is 1/2 for direct 

band transition, 2 for indirect band electronic transition, 3/2 for 

direct forbidden transition and 3 for indirect forbidden 

transition, A is a constant known as band trailing parameter, α 

is the absorption coefficient, h is the Plank constant and v is the 

frequency. 

The structural properties of the films were evaluated using 

EMPYREAN Diffractometer with a Cu-Kα radiation (λ = 

0.15406 nm). The measurement was done at scan step size of 

𝑡𝑓 =
𝑀

𝜌𝑆𝑎

 (1) 

𝑀 = 𝑚2 − 𝑚1 (2) 

𝑇 = 10−𝐴 (3) 

𝐴 + 𝑇 + 𝑅 = 1 (4) 

𝜎 = 𝛼𝜂𝐶/4𝜋 (9) 

(hν =  𝐴(ℎ𝑣 − 𝐸𝑔)𝑟 (10) 
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0.0262606 degree and two theta angle range of 5 degrees to 75 

degrees to obtain diffraction profiles of the films. Libraries 

from the X’Pert High Score Plus software were used to match 

the measured XRD patterns. 

The micrograph/morphology of the deposited thin films was 

characterized using MIRA 3 TESCAN scanning electron 

microscopy and set at 20,000 magnifications. 

3 Results and Discussions 

3.1 Thin film thickness studies 

 

Figure 1: Graph of thin film thickness against deposition 

voltage for the CdMnS thin films 

Figure 1 is the plot of the film thickness against deposition 

voltage for the deposited thin films of CdMnS. The figure 

showed that the thickness of the deposited CdMnS thin films 

initially increased as the deposition voltage increased up to the 

maximum thickness of 332 nm and then decreased as 

deposition voltage increased past 2.0 Volts. The maximum 

value of the film thickness (332 nm) was obtained at a 

deposition voltage of 2.0 Volts while the minimum thickness 

(140 nm) occurred at a deposition voltage of 2.26 Volts. 

3.2 The Optical Properties of the Films 

 

Figure 2: Graph of absorbance against wavelength for the 

CdMnS thin films deposited 

Graph of spectral absorbance against wavelength for the 

deposited thin films is displayed in figure 2. From the figure, it 

is observed that the spectral absorbance of the deposited 

CdMnS thin films is high and increases as deposition voltage 

increased, throughout the visible and near-infrared (Vis & 

NIR) regions of the electromagnetic spectrum. The films have 

spectral absorbance in the range of 0.3 to 1.0 in two regions. 

The high absorbance value exhibited by the films in the VIS 

and NIR regions positions them for photovoltaic cell 

application. 

 

Figure 3: Graph of transmittance against wavelength for the 

CdMnS thin films deposited 

The graph of percentage transmittance versus wavelength for 

the films is displayed in figure 3. The figure showed that the 

transmittance of the deposited CdMnS thin films decreases as 

deposition voltage increases throughout VIS and NIR regions. 

The film deposited at the voltage of 1.8 Volts has the highest 

transmittance value of 60% in these regions while films 

deposited at voltages of 2.2 and 2.4 Volts have the lowest 

transmittance in the range of 20-30% throughout Vis and NIR 

regions. 

 

Figure 4: Graph of Reflectance against wavelength for the 

CdMnS thin films deposited 
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The graph of reflectance against wavelength for the deposited 

thin films of CdMnS is presented in figure 4. The figure 

indicates that the deposited CdMnS thin films have low 

reflectance throughout VIS and NIR regions. The range of 

percentage reflectance of the films in these regions is 0% to 

20%. This low reflectance value of the films affirms the good 

application of the films in Photovoltaic cell development for 

solar energy harnessing. 

 

Figure 5: Graph of Absorption coefficient (α) against 

wavelength for the CdMnS thin films deposited 

The plot of absorption coefficient as a function of wavelength 

for the deposited thin films is presented in figure 5. The figure 

showed that the deposited thin films of CdMnS have high 

absorption coefficient to the order of 104-105 cm-1 throughout 

VIS and NIR regions. The value of the absorption coefficient 

is also found to initially decrease with an increase in deposition 

voltage up to 2.0 V and then increase as deposition voltage 

increased further throughout the VIS and NIR regions. 

 

Figure 6: Graph of Extinction coefficient (k) against 

wavelength for the deposited CdMnS thin films 

Figure 6 is the plot of the extinction coefficient against 

wavelength for the deposited thin films. The plot showed that 

the extinction coefficient of the films is pretty low in the range 

of 0.1 to 0.8 with a lower value in the range of 0.1 to 0.5 in the 

Vis region while higher values of up to 0.8 occurred in the NIR 

and part of ultra-violet regions. The value of extinction 

coefficient of the films was also found to initially decrease with 

an increase in deposition voltage but increased as the voltage 

increased past 2.0 V. 

 

Figure 7: Graph of Refractive index (ɳ) against wavelength 

for the deposited CdMnS thin films 

The graph of the refractive index against wavelength for the 

deposited thin films of CdMnS is displayed in figure 7. The 

graph indicates that the films have a high value of refractive 

index throughout the VIS and NIR regions of the 

electromagnetic spectrum. The range of values of the refractive 

index of the films is in the range of 2.3 to 2.65 and decreases 

as deposition voltage increases. 

 

Figure 8: Graph of Optical conductivity (σo) against 

wavelength for the deposited CdMnS thin films 

Figure 8 is the plot of the optical conductivity against 

wavelength for the deposited thin films. The graph indicates 

that the films generally exhibit high optical conductivity 

throughout the Vis and NIR regions of the electromagnetic 

spectrum. The films initially showed a decrease in the value of 
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optical conductivity as deposition voltage increased but 

suddenly increased to higher values for the films deposited at 

voltages of 2.2 and 2.4 Volts.  

Figure 10 is a plot of (αhν)2 against photon energy (hν) to 

determine the direct bandgap energy of the deposited thin films 

of CdMnS. From the plot, the bandgap energy extrapolated on 

the energy axis at (αhν)2 equal to zero for the deposited films 

was observed to increase with an increase in deposition 

voltage.  

The values of the bandgap energies for each of the deposited 

films were observed to be 2.6 eV, 2.7 eV, 2.8 eV, 2.7 eV and 

2.5 eV for the films deposited at 1.6 V, 1.8 V, 2.0 V, 2.2 V and 

2.4 V respectively. This result also showed that incorporation 

of manganese ions into CdS film crystals to form CdMnS have 

led to an increase in bandgap energy with maximum value 

obtained at deposition voltage of 2.0 V. 

3.3 Structural Properties of the Deposited CdMnS Thin 

Films 

Figure 9 is the plot of the XRD patterns of the films of CdMnS 

deposited at 2.0 V and 2.4 V. The XRD patterns reveal that the 

deposited films are crystalline with sharp peaks which occurred 

at two theta positions that correspond to crystalline planes 

(001), (110), (020), (121), (102) and (220). The patterns 

matched almost well with the JCPDS data for CdS and MnS as 

seen inserted in the plot of the XRD patterns. The crystallite 

size (D), dislocation density (ẟ) and the micro-strain (ɛ) of the 

films were calculated using the relations as given respectively 

by [28-30]: 

Where k is called shape factor, λ is the x-ray wavelength of Cu-

Kα radiation, β is full weight at half maximum (FWHM) and θ 

is the Bragg’s angle. The calculated values of these parameters 

at two theta sharp positions with their average values are 

tabulated in table 2. The average crystallite size of the films is 

found to decrease with an increase in deposition voltage while 

dislocation density and micro-strain displayed increasing trend. 

These behaviour of the calculated parameters can be attributed 

to decreasing trend in the film thickness from deposition 

voltage of 2.0 V. 

The degree of crystallinity of the films calculated using the 

relations as given by [31, 32]: 

The calculated values of degree of crystallinity are 91.41% and 

57.79% for the films deposited at 2.0 V and 2.4 V respectively. 

These percentage values further confirmed the crystalline 

nature of the deposited thin films of CdMnS under the 

prescribed conditions for a desired application. 

 

Figure 9: XRD patterns of the deposited CdMnS thin films 

Table 2: Average crystallite size, dislocation density and micro-strain for deposited CdMnS thin films 

Samples 2 theta 

(deg) 

h k l Crystallite 

size D (nm) 

Average 

crystallite 

size, D (nm) 

Dislocation 

density ẟ 

(lines/nm2) 

Av. dislocation 

Density, ẟ 

(lines/nm2) 

Micro-

strain (ɛ) 

Av. micro-

strain (ɛ) 

2.0 V 26.35 0 0 1 24.78 25.54 1.62×10-3 1.53×10-3 6.13×10-3 3.87×10-3 

33.57 1 1 0 25.47 1.54×10-3 4.71×10-3 

37.60 0 2 0 25.75 1.50×10-3 4.17×10-3 

51.38 1 2 1 26.16 1.46×10-3 3.05×10-3 

61.45 1 0 2 27.03 1.36×10-3 2.51×10-3 

65.38 2 2 0 24.04 1.72×10-3 2.66×10-3 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 

(11) 

𝛿 =
1

𝐷2 
(12) 

휀 =
𝛽

4𝑡𝑎𝑛𝜃
 

(13) 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =  
𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑝𝑒𝑎𝑘𝑠

𝑇ℎ𝑒 𝑓𝑢𝑙𝑙 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑒𝑎𝑘𝑠
× 100% (14) 
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2.4 V 26.36 0 0 1 16.14 16.56 3.83×10-3 3.69×10-3 9.41×10-3 5.94×10-3 

33.57 1 1 0 17.35 3.31×10-3 6.91×10-3 

37.61 0 2 0 17.00 3.45×10-3 6.32×10-3 

51.39 1 2 1 17.26 3.35×10-3 4.63×10-3 

61.48 1 0 2 17.16 3.39×10-3 3.94×10-3 

65.44 2 2 0 14.45 4.78×10-3 4.43×10-3 

 

3.4 Morphological properties of the deposited CdMnS thin 

films 

The SEM morphology images of the films of CdMnS deposited 

at 2.4 V and 2.0 V are shown in figures 10 and 11 respectively.  

In figure 10, the SEM image showed that the particle sizes of 

the films consist of small and larger particles of irregular 

shapes and sizes. The small particles are uniformly and densely 

packed while the larger particles which formed in lumps are 

locally distributed on top of the densely packed smaller 

particles.  

Figure 11 is the SEM image of the films deposited at 2.0 V. 

The figure showed that the particle size of the deposited thin 

films is of spherical in shape and uniformly deposited on the 

surface of the substrate. 
Figure 10: Graphs of (αhv)2 against Photon 

energy (hv) for the deposited CdMnS thin films 
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Figure 10: SEM morphology of the films deposited at 2.4 V 

 

Figure 11: SEM morphology of the films deposited at 2.0 V 

4 Conclusion 

The optical properties of the electrodeposited CdMnS thin 

films investigated in this work indicate that the absorbance of 

the films is high and increases with deposition voltage 

throughout the Vis & NIR regions of the electromagnetic 

spectrum. The films transmit moderately in the VIS region 

while the reflectance is generally low throughout the VIS and 

NIR regions.  

The films also exhibited a high value of absorption coefficient 

to the order of 104-105 cm-1 throughout VIS and NIR regions 

which are equally influenced by deposition voltage. The films 

exhibit a high refractive index value in the range of 2.3 to 2.65 

throughout Vis and NIR regions and decrease with an increase 

in deposition voltage.  

The deposited films of CdMnS have wide direct bandgap 

energy values of 2.6 eV, 2.7 eV, 2.8 eV, 2.7 eV and 2.5 eV and 

increases with deposition voltage up to 2.0 Volts and thereafter 

decreased with further increase in deposition voltage. Thin-

film thickness analysis showed that the maximum value of the 

film thickness of 332 nm was obtained at deposition voltage of 

2.0 Volts while the minimum thickness of 140 nm obtained at 

about deposition voltage of 2.26 Volts.  

The XRD characterization done on the films showed that the 

deposited thin films of CdMnS are crystalline with crystallite 

sizes of 25.54 nm and 16.56 nm for the films deposited at 2.0 

V and 2.4 V respectively. The SEM micrograph of the films 

revealed that the particle size is densely packed on the 

conductive glass substrate, hence confirming the formation of 

the deposited thin films.  

These properties exhibited by the deposited thin films of 

CdMnS position them for photovoltaic applications regarding 

their high absorbance and very low reflectance in the solar 

spectrum. The range of bandgap energy of the films make the 

films suitable for photothermal applications and many other 

electronic and optoelectronic devices that require high 

temperatures. 
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