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Abstract 
 
Bis-(morpholinodithiato-s,s’)-Cu-Cd was synthesized from appropriate reagents as a single solid 

source precursor and characterized using particle induced X-ray emission (PIXE), Fourier 

transform infrared (FTIR) spectroscopy and differential thermal analysis (DTA). Cu-Cd-S thin 

films were deposited on sodalime glass substrate using MOCVD technique at temperatures in the 

range 360 - 450 oC. The films were further characterized using Rutherford backscattering 

spectroscopy (RBS), X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-visible 

spectroscopy and four-point probe technique. PIXE revealed that the synthesized precursor 

contained the expected elements which led to the successful deposition of the Cu-Cd-S thin films. 

FTIR ascertained that the organic ligand actually attached to the metals. DTA analysis showed that 

the synthesized precursor was thermally stable and could pyrolyzed around 300 and 500 oC. RBS 

of the deposited films showed that the stoichiometry and the thickness depended on deposition 

temperature. XRD analysis revealed that the films deposited at 360 and 380 oC are amorphous 

while those deposited at 400 to 450 oC showed peaks, which supported the possible co-existence 

of CuS and CdS as Cu-Cd-S, with an improvement in the crystallinity as substrate temperature 

increased. SEM showed that the films are uniform and crack-free, in which the morphology 
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strongly depended on substrate temperature. Optical analysis revealed that the films have high 

absorbance in the UV region and high transmittance in the visible and near infrared region, in 

which direct band gap energy of 2.36 to 2.14 eV was obtained as deposition temperature increased. 

Other optical parameters such as Urbach energy, refractive index, extinction coefficient, dielectric 

constant also increased as the deposition temperature increased. Electrical analysis showed that 

resistivity is temperature dependent as it reduced as deposition temperature increased. 

 
Keywords: Single solid source precursor; Cu-Cd-S thin films; Band gap; Refractive index; 

Dielectric constant; Resistivity. 
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1. Introduction 
 
           Synthesis and characterization of metal chalcogenides have attracted the attention of 

researchers in recent years. This is due to their fascinating properties that can be of benefit for 

various applications such as diodes, photodetectors, sensors, thermistors, varistors, transistors, 

photovoltaics and solar cells, among others [1-7]. In such applications, high quality epitaxial films 

with appropriate structure and morphology are mostly desirable, since such can affect device 

performance. As a result, their structural, morphological, electrical, optical and magnetic 

properties have been widely studied either theoretically or experimentally.   

           Both cadmium sulphide (CdS) and copper sulphide are interesting metal chalcogenide with 

wide range of applications. CdS is an n-type semiconductor material which has been widely used 

as window material in heterojunction thin film solar cell devices because of its wide energy gap 

(2.42 eV) [8,9]. CdS is also an interesting material in the area of printed electronics, semiconductor 

lasers, light emitting diodes, transistors, nonlinear optical devices, etc., [10-14]. On the other hand, 

copper sulphide is a p-type semiconductor with different phases and stoichiometric forms, i.e. 

chalcocite (Cu2S), djurlite (Cu1.96S), digenite (Cu1.8S), anilite (Cu1.75S), covellite (CuS), and so on. 

Copper sulphide has wide range applications, which depend on the stoichiometry and the phase 

formed after synthesis. Different phases of copper sulphide have also received attention for their 

applications in solar cells, supercapacitors, sensors, lithium rechargeable batteries, among others, 

[15-19].   

           It has been proven that ternary and quaternary metal chalcogenides have more versatility, 

stability and efficiency in device fabrication than binary metal chalcogenides [20, 21]. Such 

versatility is based on the possibility that their physical and chemical properties can be tuned by 

simply varying the stoichiometry of their constituent elements. Furthermore, in order to overcome 
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some inherent defects in some binary chalcogenides, ternary and quaternary chalcogenides have 

been explored [21, 22].   

           Although both CuxS and CdS have similar crystal structure [23], their physical properties 

are quite different. Alloying both CuxS and CdS can provide varieties of unique physical properties 

to elevate the device applications of the individual CuxS and CdS counter-parts. Cu-Cd-S belongs 

to I-II-VI compound semiconductor materials having tunable properties between its CuxS and CdS 

counter-parts. Various synthesis techniques have been employed to synthesize Cu-Cd-S thin films. 

These include colloidal method, chemical bath, mechanochemical route, and spray pyrolysis [21, 

24-26] among others. Among the various deposition techniques available, metal organic chemical 

vapor deposition (MOCVD) is a simple and inexpensive technique, which can yield good quality 

films and suitable is for large scale production. Generally, it requires no high-quality target and 

substrate; and our simple system does not require the use of vacuum at any stage. The use of single 

solid source also provides specific advantages such as simplifying the control of process 

parameters and avoiding the use of hazardous metal alkyls, H2S and alkyl sulphide. 

           In this work, a single solid source precursor was synthesized from appropriate reagents. The 

precursor was characterized using particle induced X-ray emission (PIXE), Fourier transform 

infrared (FTIR) spectroscopy and differential thermal analysis (DTA). Thin films of Cu-Cd-S were 

deposited on sodalime glass substrate through the pyrolysis of the single solid source precursor 

using MOCVD technique at temperatures in the range 360-450 oC. The films were characterized 

using Rutherford backscattering spectroscopy (RBS), X-ray diffraction (XRD), scanning electron 

microscopy (SEM), UV-visible spectroscopy and four-point probe technique. To the best of our 

knowledge, this represents the first time of using a single solid source precursor for the deposition 

of Cu-Cd-S thin films.   
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2. Experimental 
 
2.1 Precursor preparation and characterization  
 
           Preparation of the single solid source precursor, bis-(morpholinodithiato-s,s’)-Cu-Cd, was 

done by modifying the procedure reported by Eleruja et al., [27]. Ammonium morpholino 

dithiocarbamate, which is the intermediate complex was prepared as follows: morpholine (8.7 cm3, 

0.1 mole) was added to ethanol (100 cm3) while stirring and cooled to 0 oC in an ice-bath. Then, 

carbon disulfide (7.6 cm3, 0.1 mole) was added drop-wise ensuring that the temperature of the 

solution did not rise above 5 oC. When the addition of carbon disulfide was completed, ammonia 

solution (75 cm3) was immediately added to the reaction mixture to obtain a light-yellow solution. 

The resulting solution was put in a freezer for about 3 hours for crystallization and then filtered. 

The residue was left to air-dry, yielding ammonium morpholino dithiocarbamate (20.0 g, 86.6 % 

yield).  

           The prepared intermediate complex, ammonium morpholino-dithiocarbamate (17.31 g, 

0.096 mole), was gradually dissolved in 1:1 of acetone-water solvent. Copper acetate (4.36 g, 

0.024 mole) was dissolved in 3:1 of ethanol-water solvent while cadmium acetate (5.53 g, 0.024 

mole) was also completely dissolved in 10 cm3 of distilled water separately. The solutions of 

copper acetate in ethanol-water solvent and cadmium acetate in distilled water were added to the 

solution of ammonium morpholino-dithiocarbamate on a hot plate maintained at 60 oC and stirred 

vigorously. There was a spontaneous formation of brown precipitate as the addition continues. The 

precipitate formed was heated for about 30 minutes on the hot plate. The precipitate was then 

filtered and air-dried for about 24 hours, after which it was put in an oven maintained at a 

temperature of 60 oC to give 15.2 g (76% yield) of bis-(morpholinodithiato-s,s’)-Cu-Cd.   
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           Elemental composition of the single solid source precursor was determined using particle 

induced X-ray emission (PIXE) with a 3.0 MeV proton obtained from the ion beam analysis (IBA) 

facility at the Center for Energy Research and Development (CERD), Obafemi Awolowo 

University, Ile-Ife, Nigeria. The facility is a NEC 5SDH 1.7 MV Pelletron Tandem accelerator 

equipped with a RF charge exchange ion source, which provide proton and helium ions. A 

Canberra Si(Li) detector (model ESLX 30-150) was used for X-ray data acquisition. The PIXE 

spectrum was then analyzed using GUPIXWIN software. 

           Functional group identification in the synthesized single solid source precursor was done 

using Fourier transform infrared spectrophotometer - Shimadzu PYE-Unicam SP3-300 

spectrophotometer. The precursor was grinded with KBr to a fine powder and pressed into a pellet. 

Background spectrum was obtained and converted to frequency data by inverse Fourier transform. 

The background spectrum was then subtracted from the sample spectrum to obtain the actual 

information about the sample. The spectrum of the sample was obtained from the ratio between 

single beam sample spectrum and the single beam background spectrum. Data analysis was done 

by assigning the observed absorption frequency bands in the precursor spectrum to appropriate 

normal modes of vibrations in the molecules.  

 
           Differential thermal analysis (DTA) was used to study the thermal property of the precursor. 

This was done using a NETZSCH 4040PC differential thermal analyzer at the Center for Energy 

Research and Development (CERD), Obafemi Awolowo University, Ile-Ife, Nigeria. 10 mg of the 

precursor was placed in the DTA cell and heated from 25 to 500 °C at a heating rate of 10 °C 

min−1. The material (precursor) under study and an inert reference were made to undergo identical 

thermal cycles (i.e. same cooling or heating program) and the temperature difference between the 
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sample and reference were recorded. The heat flow (differential temperature) was then plotted 

against temperature. 

2.2 Thin film deposition and characterization 
 
           The set-up for the deposition of Cu-Cd-S thin films is as shown in Figure 1. The precursor 

was grounded to a fine powder and placed in an unheated receptacle, and dried nitrogen gas was 

bubbled through at a flow rate of 2.5 dm3/min. The nitrogen-borne particles were then transported 

into the working chamber, which consist of an electrically heated pyrex tube maintained at various 

deposition temperatures (360 - 450 oC). Inside the chamber, the substrate was supported on a 

stainless-steel block for good and uniform thermal contact. On reaching the hot zone, the precursor 

bis-(morpholinodithiato-s,s’)-Cu-Cd first sublimed before thermal decomposition whereby thin 

films of Cu-Cd-S was deposited on the substrate surface. The typical decomposition time was 2 

hours. The substrate used was sodalime glass slide with composition (at. pct) O, Si, Na, Ca, Mg, 

Al = 60, 25, 10, 3, 1, 1.  The whole operation was carried out in a fume hood, so as to minimize 

some of the handling problems associated with metal organic compounds. 

 

 
Figure 1: Set-up for the deposition of the thin films 
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           The elemental composition, stoichiometry and thickness of the deposited Cu-Cd-S thin 

films were determined using Rutherford backscattering spectroscopy (RBS). The facility used for 

the PIXE of the precursor was also used for the RBS of the films. 4He+ of energy 2.2 MeV and 

beam current of 3.8 nA with integrated beam dose of 10.0 µC was used as incident beam. The 

scattering configuration used was the IBM geometry with detector solid angle of 0.833 msr and a 

resolution of 12 KeV. The extracted RBS spectrum from the silicon detector of the IBA facility 

was then analyzed using SIMNRA fitting code. 

X-ray diffraction of the as-deposited film was carried out using a Radicon X-Ray Mini-

diffractometer (Model: MD-10). The diffractometer uses a high voltage source of 25 kV with 

radiation of CoKα line of wavelength 0.179 nm. The diffraction angle was in the range of 5 to 80o. 

Multiple data sets were collected, with each set covering slightly more than half a full rotation of 

the film. The intensity was then plotted against 2θ. 

           The morphology of the thin films was done using ultra plus 55 field emission scanning 

electron microscope (FESEM). The prepared samples were cut into dimension 1 cm x 1 cm and 

coated with gold (to avoid charging effect), which subsequently improve the micrograph. The 

electron beam, which has an energy ranging from 0.2 keV to 40 keV and nominal resolution of 1 

nm, was focused by a condenser lens to a spot of about 0.4 nm to 5.0 nm in diameter. Secondary 

electrons were acquired and amplified to produce SEM micrograph images at different 

magnifications operated at an accelerated voltage of 10 kV. 

           Double beam PYE UNICAM SP8-400 UV-visible spectrophotometer was used to study the 

optical properties of the films. A beam of light from a source was separated into its component 

wavelengths by a prism or diffraction grating. Each monochromatic beam was in turn split into 

two equal intensity beams by a half-mirrored device. The ultraviolet (UV) region scanned was 
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from 200 to 400 nm, and the visible portion was from 400 to 800 nm. The spectrometer records 

all the wavelengths at which absorption occurs together with the amount of absorption at each 

wavelength. The instrument then creates a spectrum of absorbance versus wavelength. 

           Four-point collinear probe configuration technique was used for the electrical analysis of 

the deposited Cu-Cd-S thin films. A high impedance current source was used to supply current 

through the outer two probes while a voltmeter measures the voltage across the inner two probes.  

The current-voltage characteristic of the films was then determined. A Keithley 2400 source meter 

was used for the current-voltage measurements.  

3. Results and discussions 
 
3.1 PIXE of the prepared precursor 
 
           Figure 2 shows the PIXE spectrum of the prepared precursor bis-(morpholinodithiato-s,s’)-

Cu-Cd. The spectrum is a plot of counts against channels, which was generated by GUPIXWIN 

software. Prominent peaks in the spectrum are associated with sulphur, copper and cadmium in 

the prepared precursor. From Table 1, the concentration ratio of Cu to Cd is 0.63, which indicates 

that Cu to Cd ratio in the precursor is not in one to one correspondence. Therefore, the prepared 

bis-(morpholinodithiato-s,s’)-Cu-Cd precursor consists of expected elements which can lead to the 

deposition of Cu-Cd-S thin films. 
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Figure 2: PIXE spectrum of bis-(morpholinodithiato-s,s’)-Cu-Cd 
 

Table 1: Elemental composition of bis-(morpholinodithiato-s,s’)-Cu-Cd 
 

Element Concentration (ppm) 

S 744484.6 

Cu 150624.0 

Cd 240534.6 
  

 
3.2 FTIR of the prepared precursor 
 
           The IR spectrum of the precursor obtained in KBr shows that the precursor exhibits the 

basic absorption bands between 4000 𝑐𝑚−1 and 400 𝑐𝑚−1 (Figure 3). The observed major peaks are 

at 3421.83 𝑐𝑚−1, which correspond to O-H stretching vibration of water molecules, C-H vibrations 

at 3122.86 and 2854.74 𝑐𝑚−1, C=O stretching at 1984.82 and 1637.62 𝑐𝑚−1, C-C stretching at 

nearly 1483.31 and 1232.55 𝑐𝑚−1, 𝛿C-H at about 877.64 𝑐𝑚−1, as well as C-S at around 655.82 

𝑐𝑚−1, respectively. All these are the characteristics bands of organic ligand, which ascertained that 

the ligand was really attached to the metals (Cu, Cd) and sulphur. Metal-sulphide bands, Cu-S and 

Cd-S are from 540.09 𝑐𝑚−1 and below. 
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Figure 3: FTIR Spectrum of bis-(morpholinodithiato-s,s’)-Cu-Cd 
 
3.3 DTA of the prepared precursor 
 
           DTA of the precursor was done so as to ascertain the thermal behaviour of the precursor 

and to predict the range of temperature at which the precursor will pyrolyze. The spectrum in 

Figure 4 shows the DTA curve of the precursor. An exothermic peak was observed at a temperature 

of 247 oC corresponding to a reduced weight of -3.411 mW/mg, which was caused by oxidative 

decomposition. The exothermic peak indicates heat evolved from the sample, since the 

temperature of the tested sample during the phase transformation/chemical reaction is higher than 
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the reference temperature. There was phase transition upon heating due to the hydroscopic nature 

of the precursor. From the thermograph, it can also be observed that the precursor may pyrolyze 

around 300 oC and 500 oC leading to the deposition of Cu-Cd-S thin films. Also, the precursor is 

thermally stable in air. 

 
 

Figure 4: DTA thermograph of bis-(morpholinodithiato-s,s’)-Cu-Cd 
 
3.4 RBS analysis of Cu-Cd-S thin films 
 
           Rutherford backscattering spectroscopy (RBS) was used to determine the elemental 

composition and thickness of the films. A typical RBS spectrum of the films is shown in Figure 5. 

The RBS spectrum revealed the presence of Cu, Cd and S as the constituent elements of the 
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deposited films. Table 2 summarizes the compositional analysis and thickness of the films 

deposited at various deposition temperatures. From the compositional analysis of both the 

precursor and the deposited films, it was observed that the ratio of Cu to Cd in the precursor was 

not preserved in the deposited films. This can be attributed to breakdown of metal-metal bonds of 

the precursor in the vapor phase at different deposition temperature and subsequent gradual 

reconstitution of the bonds [27]. Similar result has been reported for during the deposition of 

ZnxCd1-xS thin films [27]. From Table 2, it should be noted also that (Cu+Cd)/S ratio is not fixed, 

which implies that the deposited Cu-Cd-S thin films are non-stoichiometry. The abundance of 

sulphur in the films may be attributed to the starting material as there is higher concentration of 

sulphur in the precursor. The film thickness was observed to increase from 40 to 70 nm as the 

deposition temperature increases from 360 to 450 oC. This can be as a result of increase in the rate 

of nucleation in the hot zone as the deposition temperature increases. As the deposition temperature 

increases, more thermal energy is produced which then accelerates decomposition of the precursor 

by increasing the rate of chemical reaction in the working chamber. This is in accordance with 

what was reported in the literature [28].  
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Figure 5: Typical RBS spectrum of the deposited Cu-Cd-S thin film 

 

Table 2: Summary of the compositional analysis and thickness with respect to deposition 

temperature. 

Deposition temperature (oC) Composition (%)  (Cu+Zn)/S Thickness (nm)  

 Cu Cd S   
360 3.83 32.83 63.50 0.58 40 
380 6.28 17.32 76.40 0.31 50 
400 7.32 14.85 77.83 0.28 60 
420 3.67 15.71 80.62 0.24 65 
450 4.59 10.20 85.21 0.17 70 

 
3.5 Structural analysis of the deposited Cu-Cd-S thin films 
 
           The structural analysis of the deposited films was done using XRD in the range of 

diffraction angle, 2θ from 5 to 80 o. The XRD spectrum is shown in Figure 6. The spectrum at 360 

and 380 oC has no peak probably due to amorphous nature of the films deposited at those 

temperatures. Three peaks were observed at deposition temperature of 400 oC at 2θ values of 
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11.40o, 23.54o, 32.66o, corresponding to planes (101), (003), and (103). At 420 oC, peaks were 

observed at 2θ values of 12.07o, 20.15o, 30.95o, which corresponds to diffraction planes (101), 

(003), and (103). Film deposited at 450 oC has four peaks at 2θ values of 10.61o, 16.09 o, 30.91o 

and 37.61o which correspond to diffraction planes (101), (003), (103) and (102). There are no 

JCPDS data available for Cu-Cd-S phase [29, 30]. Hence the diffraction peaks from various (h k 

l) planes were compared to peaks of CuS (JCPDS: PDF #75-2233) and CdS (JCPDS: 02-0563) 

phases. The presence of (003), (103) and (102) normally occurs at the same 2θ values for CuS and 

CdS phase. This makes it difficult to actually identify the phase which those peaks correspond to 

between CuS and CdS. The planes (101) and (102) at 2θ values 10.61o and 37.61o corresponds to 

wutzite hexagonal of CdS (JCPDS: 02-0563). The close lattice arrangement between CuS and CdS 

supports the possible co-existence of CuS and CdS as Cu-Cd-S single phase [21, 23].   

           Observation from XRD patterns of the deposited films showed an improvement in the 

crystallinity of the films when substrate temperature was increased. This is from the fact that the 

number of peaks increase as the deposition temperature increases. Also, a slight shift of the 

diffraction peaks at 2θ value 23.54o towards a higher angle was observed at higher temperature. 

This might be due to surface restructuring caused by the incorporation of Cu in the crystal lattice 

of CdS. This implies that Cu+ can successfully be incorporated into the lattice of CdS, similar 

result has been reported by Kumar et al., 2018 [31].  
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Figure 6: XRD pattern of the deposited Cu-Cd-S thin films  
 
 
           The average crystallite size of the as-deposited samples (see Table 3) was determined by 

the X-ray line broadening method via the Scherrer equation [32 , 33]: 

                                                𝐿 =  
௞ఒ

ఉ஼௢௦ఏ
                                    (1)  
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Where 𝜆 = 0.1789 𝑛𝑚 is the wavelength of the radiation used, CoKα in this case, k is the Scherrer 

constant, 𝛽 (radian) is the full width at half maximum (FWHM) intensity of the diffraction peak 

for which the size is to be determined, θ is the diffraction angle of the particular peak, and L is the 

crystallite size. The crystal size of the prepared film decrease as the deposition temperature 

increases. The internal strain and the broadening of the X-ray peaks are important influence on the 

crystal size.  

           From Bragg’s equation [34], the Cu-Cd-S thin film XRD parameters were estimated for 

hexagonal structure (a  b c) using the following equations and shown in Table 1.  

1

𝑑ଶ
=

4

3
ቆ

ℎଶ + ℎ𝑘 + 𝑘ଶ

𝑎ଶ ቇ +
𝑙ଶ

𝑐ଶ
                                             (2) 

𝑆𝑖𝑛ଶθ = ൦
𝜆ଶ

4𝑎ଶ
ቌ

4

3
(ℎଶ + ℎ𝑘 + 𝑘ଶ) +

𝑙ଶ

ቀ
𝑐
𝑎

ቁ
ଶቍ൪                 (3) 

where, d is interplanar spacing (nm), a and c are lattice parameters and hkl are miller indices. There 

were fluctuations in the value of lattice parameters at different temperatures, which indicated that 

temperature induced changes in electronic structure of the films has occurred [35]. 

Table 3: Estimated XRD parameters calculated for the deposited Cu-Cd-S thin films. 

 
Temperature (C)  FWHM L (nm) d (nm)  a (nm) c (nm) 

450 30.91 0.2809 35.56 0.1991 0.4010 0.6540 
420 30.95 0.2158 46.30 0.0943 0.4326 0.7050 
400 32.66 0.0497 201.58 0.1846 0.2052 0.3340 
380 Amorphous 
360 Amorphous 

 
 
3.6 Morphology of Cu-Cd-S thin films 
 
           The micrographs of the deposited films at different deposition temperatures are shown in 

Figure 7 (a-e). Figure 7a shows the micrograph of film deposited at 360 oC, in which there appeared 
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to be agglomeration of grains. As the deposition temperature increased to 380 oC (Figure 7b), the 

film appears to be dense, homogeneous with closely packed grains which covered the substrate 

surface well and more of granules were observed. At 400 oC, as shown in the Figure 7c, smaller 

and tightly packed grains are noticed. These observed grains are evenly distributed across the 

substrate surface. At 420 oC, as shown in Figure 7d, the film composed of smaller granules which 

are uniform and smooth on the substrate surface with a larger number of grains occupying smaller 

surface area of the film. This indicates an improvement in the crystallinity of the films as 

deposition temperature increases, which was also confirmed by the XRD pattern.  Also, in Figure 

7e at 450 oC, it can be seen that the film has definite boundaries and the grains agglomerate to 

form a well-defined nanoplate and nanorod like structure. Similar result has been reported in the 

literature [30]. Generally, the films are uniform and crack-free which is the basic requirement for 

any device application. It can therefore be concluded that morphological properties of deposited 

films strongly depended on substrate temperature. This is in agreement with the work of Diwate 

et al., 2017 [36] who also reported similar result. 
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Figure 7: SEM micrograph of the deposited Cu-Cd-S thin films deposited at (a) 360 oC (b) 380 
oC (c) 400 oC (d) 420 oC (e) 450 oC 

 
3.7 Optical properties of the deposited Cu-Cd-S thin films 
 
           The study of optical properties of the deposited thin films was done using ultraviolet visible 

spectrophotometry. The plot of absorbance versus wavelength of the deposited Cu-Cd-S films is 

shown in Figure 8. All the absorbance spectra were acquired in the wavelength range 300 - 800 

nm. As shown in the Figure, the absorbance of all the deposited films varies with wavelength in 

similar manner. Generally, all the films have high absorbance in the ultraviolet region after which 

they decreased rapidly within the visible region and almost constant near infrared region. The 

observed high absorbance in the ultraviolet region may be attributed to electronic inter-band 

transitions from the filled sulphide valence band through to the empty conduction band [37, 38]. 

It can also be as result of light scattering from the nanometer sized grains of the films as reported 

by Olofinjana et al., [39]. Also, it can be seen from Figure 8 that all the films have sharp absorption 

edge in the visible region. The observed sharp absorption edge indicates good quality films with 

low defect density near the band edge of the films [38]. The slight increase in absorption edge in 

the visible region when the deposition temperature increases may be due to increase in the degree 

of crystallization of the films. Therefore, increase in substrate temperature improves the 

absorbance of the films.  
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Figure 8: Absorbance against wavelength for the deposited Cu-Cd-S thin films 
 
           The transmittance of the deposited films was obtained using the relation: 

      𝑇 = 10ି஺    (4)           

where T is the transmittance and A is the absorbance. The plot of transmittance against incident 

wavelength for the deposited Cu-Cd-S thin films at various deposition temperatures is shown in 

Figure 9. By increasing the substrate temperature in the range 360 oC - 450 oC, there was a sharp 

increase in transmittance from a value of about 89 % to about 97 % at 800 nm. This can be due to 

increase in crystallinity as the deposition temperature increases [38]. In addition, the spectra 

revealed that all the deposited thin films exhibit transmission above 75 % in the range 300 - 800 

nm wavelength. High transmittance of the film indicated that the films can be used for several 
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applications, including solar cells, light emitting diodes and photonic devices and it can also be a 

good material for thermal control window coatings for cold climates and anti-reflection coatings. 

 

  
 
 

Figure 9: Transmittance against wavelength for the deposited Cu-Cd-S thin films 
 

 
           From the absorbance A and the film thickness, t, obtained from RBS result, the absorption 

coefficient, α, was calculated using equation [38,39].  

                                                         𝛼 =
ଶ.ଷ଴ଷ஺

௧
    (5)   

The energy was calculated in electron volts (eV) using the equation: 

             E =
୦ୡ

஛
    (6)  
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where, ℎ = Planck’s constant, c = speed of light and λ = wavelength.                

A graph of absorption coefficient (α) against photon energy was plotted in order to identify the 

type of transition present in the films. Figure 10 shows a graph of absorption coefficient against 

photon energy of the deposited films at various deposition temperatures.  A single gradient was 

obtained from the plot, which indicates that direct transition is prevalent in the films. 

 
 

 
 

Figure 10: Absorption coefficient against photon energy for the deposited Cu-Cd-S thin films 
 
           The direct band gap energy Eg was calculated from the graph of α2 against the photon energy 

(Figure 11). The value of Eg was evaluated by the extrapolation of the linear portion of the curve 

to α2 = 0 along the photon energy axis. The direct band gap of the deposited films varies from 2.36 
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to 2.14 eV (Table 4). Generally, in semiconducting materials, optical band gaps are mostly 

influenced by degree of crystallinity, crystallite size, defects, impurities and disorders of grain 

boundaries [40]. Decrease in Eg values with increase in deposition temperature can be explained 

in terms of increase in crystallinity, as it was observed in the XRD result. The Observed band gap 

can make the films to be a potential material for photovoltaic applications since maximum number 

of photons coming from solar radiation have wavelength in visible and near infrared regions. 

 

 
 
 

Figure 11: Square of absorption coefficient against photon energy for deposited Cu-Cd-S thin 
films 
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           The Urbach energy is mostly used as a measure of the degree of structural disorder since 

the formation of localized states with energies at the boundaries of the energy gap is one of the 

effects of the structural disorder on the electronic structure of materials. The relationship between 

absorption coefficient (α) and photon energy (E) can be expressed as 

        α =  α୭ exp ቀ
୉

୉౫
ቁ    (7)                                                                                     

where αo is a temperature dependent constant and Eu is the Urbach energy. 

Figure 12 shows the Urbach plot of L𝑛𝛼 against photon energy E for the deposited films at various 

deposition temperatures. The inverse of the gradient gave the Urbach energy. The Urbach energy 

of the deposited films increases from 0.72 to 1.34 eV (Table 4) as the deposition temperature 

increases. This increase in Urbach energy is associated with the increase of the localized states 

from non-radiative recombination centres [41, 42]. 
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Figure 12: Plot of Lnα against photon energy 
 

           The steepness parameter, σste which depict the broadening or shrinkage of the absorption 

edges caused by electron-phonon or exciton-phonon interactions can be computed using [41]  

    𝜎௦௧௘ =
௄ಳ்

ாೆ
   (8) 

where KB is the Boltzmann constant and T is absolute temperature in kelvin. The calculated σste for 

all the deposited films at room temperature are listed in Table 4. σste was noted to decrease from 

0.033 to 0.018 as the deposition temperature increases. The decrease in σste can be ascribed to 

increase in localized states which begin from the non-radiative recombination centers [40]. 

25



 

Table 4: Band gap, Urbach energy and steepness parameter of the deposited films 

Deposition temperature oC Band gap (eV) Urbach energy (eV) Steepness parameter 
360 2.36 0.72 0.033 
380 2.32 0.86 0.027 
400 2.28 1.12 0.021 
420 2.26 1.13 0.020 
450 2.14 1.34 0.018 

            

           One of the fundamental properties of an optical material is refractive index (n) since it is 

closely related to electronic polarization of ions and the field inside the materials. The refractive 

index of Cu-Cd-S thin films was obtained from the reflectance (R) of the films by using the relation 

in equation below [42]: 

                                            𝑛 =
ଵା √ோ

ଵି√ோ
    (9) 

From Figure 13, it was observed that refractive index at 360 oC and 380 oC decreases sharply as 

photon energy increases till about 2.5 eV, after which it decreases gradually, almost constant 

within 2.5 eV to 4.20 eV. It can also be seen that at 400 oC, 420 oC and 450 oC refractive index 

increases steadily as photon energy increases till about 1.72 eV, after which it decreases sharply 

till about 2.5 eV and then decreases gradually, almost constant within 2.6 eV to 4.20 eV. At lower 

region of the photon energy, increase in refractive index can be due to an increase in surface 

roughness, which acts to decrease the effective mean free path by increasing the surface scattering. 

Also, the low refractive index at higher photon energy can be as a result of successive internal 

reflection or trapped phonon energy in the grain boundaries. Similar result has been reported in 

the literature [43].  
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Figure 13: Plot of refractive index against photon energy for Cu-Cd-S thin films 
 
           Extinction coefficient is a measure of the amount of absorption loss when electromagnetic 

radiation propagates through the films. The extinction coefficient 𝐾 was obtained using equation 

[42]:  

      𝐾 =
ఈ ஛

ସ஠
    (10) 

The graph of extinction coefficient 𝐾 versus photon energy is shown in Figure 14. From the graph, 

it can be observed that the extinction coefficient of all the deposited films have the same pattern, 

in which it increases as photon energy increases. This can be as a result of successive internal 

reflection or due to trapped photon energy in the grain boundaries. In addition, it indicates that the 
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deposited films can be used for high-quality window materials so as to minimize absorption losses 

[44]. 

 

 
 

 
 

Figure 14: Extinction coefficient versus photon energy for Cu-Cd-S thin films 
 
           To investigate the electronic structure of the deposited films, it is necessary to consider 

dielectric properties of the deposited films. The real and imaginary parts of dielectric constant (𝜀𝑟 

and 𝜀𝑖) of the deposited films can be evaluated by the following equations [42, 44]: 

      𝜀௥ = 𝑛ଶ − 𝐾ଶ    (11) 

         𝜀௜ = 2𝑛𝐾    (12) 
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The variation of the real dielectric constant (𝜀𝑟) and imaginary dielectric constant (𝜀𝑖) with photon 

energy for the deposited films at various deposition temperatures are shown in Figure 15 and 

Figure 16 respectively. From Figure 15, it was observed that the real part of dielectric constant for 

films deposited at 360 oC and 380 oC are similar. In both cases, 𝜀𝑟 decreases sharply as photon 

energy increases, to about 2.5 eV, after which it decreases gradually, almost constant within 2.5 to 

4.20 eV. At 400 oC, 420 oC and 450 oC the real part of dielectric constant initially increased at 

photon energy range of 1.55 - 1.77 eV, after which it decreases sharply till about 2.5 eV and then 

decreases slightly, almost constant within 2.5 to 4.20 eV. This behaviour was similar with that of 

refractive index due to the smaller value of extinction coefficient when compared to refractive 

index. In general, within the photon energy range of 1.5 to 2.5 eV, the real dielectric constant 

increases as substrate temperature increases. In the Figure 16, for the films deposited between 360 

- 420 oC, the imaginary part of dielectric constant decreases linearly in the photon energy range of 

1.60 to 4.20 eV. At 450 oC the imaginary part of dielectric constant decreases sharply from 0.26 - 

0.09 as photon energy increases to about 2.5 eV, after which it decreases slightly within the photon 

energy range of 2.50 eV to 4.20 eV. The decrease in imaginary dielectric constant towards the 

higher photon energy might be due to light scattering from the nanometer sized grains of the films. 

It can also be as a result of minimal recombination losses and less interference on movement of 

charge carriers [45]. 
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Figure 15: Real dielectric constant against photon energy 
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Figure 16: Imaginary dielectric constant against photon energy 
 

           The optical conductivity of the films was evaluated using the relation [44] 

                                                                              σ୭୮୲. =
஑୬

ସ஠
    (13)                     

where c is the speed of light. Figure 17 shows the plot of optical conductivity against photon energy 

of the deposited films. From the plot, it was observed that optical conductivity at 360 oC and 380 

oC decreases sharply as photon energy increases till about 2.5 eV, after which it decreases 

gradually, almost constant within 2.5 to 4.20 eV. At 400, 420 and 450 oC optical conductivity 

increases initially in the photon energy range of 1.55 - 1.80 eV and then decreases sharply till about 

2.5 eV, after which it then decreases gradually, almost constant within 2.5 to 4.2 eV. This 

behaviour can be attributed to high absorbance of the film in the ultraviolet region [44]. Generally, 
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it can be observed that the optical conductivity of the films increases as substrate temperature 

increases, which can be attributed to increase in the crystallinity as the deposition temperature 

increases. 

 
 

 
 
 

Figure 17: Optical conductivity against photon energy for the deposited Cu-Cd-S thin films 
 
3.8 Electrical characterization of Cu-Cd-S thin films 
 
           The sheet resistance Rsh and resistivity ρ of the films were calculated from the expression 

in the following equations [28]: 
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                                                              𝑅௦௛ =  
ఘ

௧
=



୍୬ଶ

୚

୍
= 4.532

୚

୍
    (14) 

     ρ =
గ ௏

௟௡(ଶ)ூ
𝑡 =  4.532𝑡

୚

୍
    (15)     

where V is the voltage, I is the current and t is the thickness of the film. The results of sheet 

resistance, resistivity and conductivity of the deposited films are listed in Table 5. As it can be 

seen from Table 5, all films exhibited semiconductor behaviour with decrease in resistivity of 

deposited films from 18.12 x 1010 to 4.12 x 1010 𝛺.𝑐𝑚 as substrate temperature increases from 360 

to 450 oC. This can be attributed to the increase in the crystallinity of the films as deposition 

temperature increases. 

           Figure 18 shows the graph of current I against voltage V of the deposited films at different 

deposition temperatures. From the plot, it can be observed that current increases linearly with the 

applied voltage which indicated that the films have ohmic characteristics. The resistance of the 

films was obtained by taking the inverse of the gradient of I-V plot in Figure 18.  Decrease in 

resistance of the films was also reported in the literature [40] and it was attributed to the 

replacement of Cd2+ ions with Cu2+ ions in the lattice of CdS. This can also be true in this case.  

Also, it can be as a result of increase in the electrical conductivity and crystallinity of the films. 
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Figure 18: I-V characteristics of the deposited Cu-Cd-S thin films 
 
 

Table 5: Values of sheet resistance, resistivity, conductivity and resistance of the Cu-Cd-S thin 

films at various deposition temperatures 

Deposition 
temperature oC 

Sheet Resistance 
(Ω/sq) x 108 

Resistivity 
Ω.cm x 1010 

Conductivity 
(Ω.cm)-1 x 10-11  

Resistance  
Ω x 106 

360 45.32 18.12 0.55 10.00 
380 22.66 11.33 0.88 5.00 
400 13.59 8.15 1.22 3.33 
420 7.25 4.71 2.12 1.67 
450 5.89 4.12 2.42 1.25 
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4. Conclusion 
 
           A single solid source precursor, bis-(morpholinodithiato-s,s’)-Cu-Cd was successfully 

synthesized by the reaction of different reagents. Characterization of the precursor was achieved 

using PIXE, FTIR and DTA. PIXE result revealed the presence of the expected elements - copper, 

cadmium and sulphur in the prepared precursor. FTIR revealed the presence of various 

characteristic bands of the organic ligands. DTA revealed that the synthesized precursor is 

thermally stable, which can pyrolyzed between 300 oC and 500 oC.  

           RBS of the films confirmed the presence of expected elements in various stoichiometry at 

different deposition temperature. This confirmed that the pyrolysis of bis-(morpholinodithiato-

s,s’)-Cu-Cd in nitrogen gas medium at various deposition temperatures produced Cu-Cd-S thin 

films of various stoichiometry, in which thickness was observed to increase from 40 to 70 nm as 

deposition temperature increased. Absence of impurity in the RBS result showed the quality of the 

MOCVD technique. 

           Observation from XRD pattern showed that the films deposited at 360 and 380 oC are 

amorphous in nature while those deposited at 400 to 450 oC showed peaks which supported the 

possible co-existence of CuS and CdS as Cu-Cd-S, with an improvement in the crystallinity as 

substrate temperature increases. The morphology of the films deposited at various deposition 

temperatures showed that the films are uniform and crack-free. The morphological properties of 

deposited films also strongly depended on substrate temperature. 

           The optical characterization showed that the films are highly absorbing in the ultraviolet 

region and highly transmitting in the visible and near infrared region of the electromagnetic 

spectrum. A decrease in energy gap from 2.36 to 2.14 eV was observed as deposition temperature 

increased. The Urbach energy increased from 0.72 to 1.34 eV while steepness parameter decreased 
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from 3.30 to 1.80 as the deposition temperature increased. The refractive index, extinction 

coefficient, optical conductivity, real and imaginary dielectric constants of the films increased as 

deposition temperature increased. Electrical characterization showed that for all the films 

deposited at various temperatures, the resistivity of the films reduced from 18.12 x 1010 to 4.12 x 

1010 Ωcm while the resistance on the other hand, decreased from 10.00 x 106 to 1.25 x 106 Ω as 

deposition temperature increased. The decrease in resistivity with an increase in deposition 

temperature indicated semiconducting characteristics of the films.   
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