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Thin films of copper(II) sulfide 
(CuS) and titanium-doped 
copper(II) sulfide (Ti:CuS) were 
successfully deposited on fluorine-
doped tin oxide (FTO) glass 
substrates using the 
electrodeposition technique at 
room temperature. The films were 
characterized to evaluate their 
optical, structural, morphological, 
compositional, electrical, and 
magnetic properties. The 
characterization techniques included UV-Vis spectrophotometry (in the wavelength range of 300–1100 nm), X-ray diffraction (XRD), scanning 
electron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDX), four-point probe method, and vibrating sample 
magnetometry (VSM). Film thicknesses were measured using a profilometer, yielding values of 109.16 nm for undoped CuS, and 113.17 nm, 
121.11 nm, and 131.79 nm for 2%, 6%, and 10% Ti-doped CuS thin films, respectively. The optical bandgap of the films ranged between 2.40 
eV and 2.60 eV. Structural analysis confirmed the hexagonal phase of CuS, with lattice constants a = b = 3.7920 Å and c = 16.3440 Å. 

Keywords: electrodeposition, Ti doping, bandgap, UV-VIS spectroscopy, XRD, SEM-EDS, four-point probe 

INTRODUCTION 
In the pursuit of materials with unique properties for advanced 

technological applications, the synthesis and characterization of 
dilute magnetic semiconductor (DMS) films have attracted 
significant research interest in recent years. Among the most 
recently studied are thin films of copper(II) sulfide doped with 

titanium ions, owing to their distinctive spintronic properties. 
Dilute magnetic semiconductors (DMSs) are materials that 
exhibit both semiconducting and magnetic properties [1]. They 
are typically produced by incorporating a small amount of 
magnetic elements, such as transition metals, into the crystal 
lattice of a semiconductor. This doping process maintains the 
original lattice structure while imparting magnetic 
characteristics, making DMSs suitable for a wide range of 
modern electronic and spintronic devices. [2]. The doping 
introduces a localized magnetic moment that can interact with the 
electron spin in the semiconductor. Dilute magnetic 
semiconductors have their promising applications in spintronics 
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[3-5], where electron spin is utilized for information storage and 
processing [6], quantum bits for quantum computation and 
communication [7], nanoscale integrated magnetic memories and 
sensors [8], data storage [9], magneto-optoelectronic devices 
[10]. 

Among different metal chalcogenides, copper sulfide has been 
extensively studied and has attracted much interest in the recent 
research due to its special properties and potential applications 
such as in solar cells [11], cathode material in lithium chargeable 
batteries [12], optical data storage [13], fabrication of 
microelectronic devices, optical filters as well as in low 
temperature gas sensor applications [14], gas sensors [15], 
photochemical conversion of solar energy as solar absorber 
coating and photoconductive coatings [16]. 

Thin films of copper sulfide have been grown using various 
techniques, which include chemical bath deposition (CBD) [17], 
chemical spray pyrolysis (CSP) [18, 19], atomic layer deposition 
(ALD) [20], electrodeposition [21], and pulsed laser deposition 
(PLD) technique [22]. Among them all, electrodeposition has 
been considered the best deposition technique, because of its 
advantages such as: low cost effective, simplicity, high growth 
rate at relatively low temperature, and easier control of film 
thickness, morphology, and composition [23-26]. 

 Our present work gears towards doping copper (II) sulfide 
(CuS) thin films with titanium (Ti) impurities, so as to investigate 
their unique properties, for possible technological applications, 
using the simple and low-cost electrodeposition technique. 

2.  EXPERIMENTAL PROCEDURE 
Materials and Method 
Three-electrode cell set-up was adopted in the films’ 

deposition, where we used the FTO as the working electrode, 
silver – silver chloride electrode (Ag/AgCl) as reference 
electrode, and platinum wire as a counter electrode. The glass 
substrates were ultrasonically cleaned in ethanol for 30 minutes 
(at 30 °C), rinsed with distilled water, and allowed to dry before 
use.  

2.1   Deposition Of Undoped Copper (II) Sulphide (CuS) 
Thin Film 

The bath solution for the deposition of CuS thin films 
contained 15 ml of 0.05 molar concentration of copper (ii) 
sulphate pentahydrate (CuSO4.5H2O) as a source of copper ion 
(Cu2+) and 15 ml of 0.05 molar concentration of thiourea 
(CH4N2S) as a source of sulfur ion (S2-). The solution was mixed 
properly using a magnetic stirrer. The 0.05 M of CuSO4.5H2O 
was prepared by dissolving 6.2 g of it in 500 ml of distilled water; 
and the 0.05 M of CH4N2S was prepared by dissolving 1.9 g of it 
500 ml of distilled water. The film deposition took place at room 
temperature of 27 °C. The pH value (2.9) of the bath solution was 
obtained using a pH meter. The deposition time and voltage were 
kept at 10 s and 5 V respectively, as shown in Table 1. After 
deposition, the sample was taken out of the solution carefully, 
and immersed in distilled water for just two seconds, and then 
allowed to dry in flowing air. Afterwards, the sample was placed 
in a slide box, labelled accordingly.  

 

Table 1: Deposition of CuS thin film  

Sam
ple  

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟒𝟒.𝟓𝟓𝟓𝟓𝟐𝟐𝑪𝑪 𝑪𝑪𝟓𝟓𝟒𝟒𝑵𝑵𝟐𝟐𝑪𝑪 pH Te
mpe
ratu
re 
(oC) 

Volt
age 
    
(V) 

Ti
me  
   
(s) 

Conc.
(M) 

Vol.(
ml) 

Conc.
(M) 

Vol. 
(ml) 

CuS 0.05 15 0.05 15 2.5 27 5 10 

 
2.2   Deposition Of Ti-doped Copper (II) Sulphide (Ti 

:CuS) Thin Films 
The combination of ionic concentrations for doping of CuS 

with titanium is given in Table 2. By varying the relative ratio of 
Cu and Ti ions, the 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑆𝑆 films with solution parameter x = 
0.00, 0.02, 0.06, and 0.10 were deposited. The percentage doping 
was varied from 2% - 10% at an interval of 4%.         

 
Table 2: Doping formulations of precursors used for deposition of 
𝐶𝐶𝐶𝐶1−𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑆𝑆 

Compositi
on 
parameter 
(x) 

Percenta
ge 
doping 
(%) 

Concentrati
on of 
copper 
sulphate 
(mole) 

Concentrati
on of 
titanium 
chloride 
(mole) 

Concentrati
on of 
thiourea 
(mole) 

0.00 0 0.050 0.000 0.050 
0.02 2 0.049 0.001 0.050 
0.06 6 0.047 0.003 0.050 
0.10 10 0.045 0.005 0.050 
 
During deposition, pH of the solution bath was kept at a 

constant value of 2.2, using ammonia solution (NH3), and the 
films’ deposition took place at room temperature of 27 oC, 
voltage value of 5 V, and time of 10 s, as given in Table 3. 

 
Table 3: Variation of percentage doping for the deposition of 
𝐶𝐶𝐶𝐶1−𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑆𝑆 Thin Films 

Sa
m
ple 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟒𝟒.𝟓𝟓𝟓𝟓𝟐𝟐𝑪𝑪 𝑻𝑻𝑻𝑻𝑪𝑪𝑻𝑻𝟑𝟑 𝑪𝑪𝟓𝟓𝟒𝟒𝑵𝑵𝟐𝟐𝑪𝑪 𝑵𝑵𝟓𝟓𝟑𝟑 p
H 

Te
m
p. 
 
(o

C) 

Do
pi
ng 
 
   
(
%
) 

Vo
lta
ge 
 
    
(V
) 

T
i
m
e 
 
  
(s
) 

Co
nc.(
M) 

Vo
l.(
ml) 

Co
nc.(
M) 

Vo
l.(
ml) 

Co
nc.(
M) 

Vo
l.(
ml) 

Co
nc.(
M) 

Cu
S 

0.0
50 

15 0.0
00 

10 0.0
50 

15 0.0
5 

Ti:
2% 

0.0
49 

15 0.0
01 

10 0.0
50 

15 0.0
50 

2
.
2 

27 2 5 1
0 

Ti:
6% 

0.0
47 

15 0.0
03 

10 0.0
50 

15 0.0
50 

2
.
2 

27 6 5 1
0 

Ti:
10
% 

0.0
45 

15 0.0
05 

10 0.0
50 

15 0.0
50 

2
.
2 

27 10 5 1
0 

 
3   Film Characterization  
The deposited films were characterized in order to investigate 

their optical, electrical, structural, morphological, compositional, 
and magnetic properties. The optical characterization was done 
using a UV-VIS spectrophotometer (model: 756S UV-VIS) to 
obtain the optical absorption data of the films, within the 
wavelength range of 300 nm - 1100 nm. Four-point probe 
technique (Keithley 2400 – LV source meter) was employed to 
analyse the electrical properties of the films.  The films structural 
properties were studied using an X-ray diffractometer (Bruker D8 
high-resolution diffractometer) using Cu Kα line (λ = 1.54056 
Å). Surface morphology and elemental composition of the films 
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were also studied using Nova NanoSEM and MIRA TESCAN 
SEM machine. The magnetic properties of the films were 
obtained using vibrating sample magnetometer (Model: EZ 10 by 
MicroSense), while the films thicknesses were measured with the 
aid of a profilometer (Model: Veeko Dektak 150). 

RESULTS AND DISCUSSION 
4.1 Effect of titanium concentration on the thickness of 

CuS thin films 
Figure 4.1 depicts the effect of titanium concentration on the 

thickness of CuS thin films. 

 
Figure 4.1: Effect of titanium concentration on the thickness of CuS 
thin films 

The figure revealed a linear increase in the thickness of the 
films (from 109.16 nm to 131.79 nm) as titanium concentration 
was increased from 2 % to 10%. 

4.2   Optical Analysis 
From the measured absorbance data of the undoped and 

titanium-doped copper (II) sulfide thin films, the optical 
properties of the films, such as the transmittance (T), the 
reflectance (R), the refractive index, extinction coefficient, 
optical conductivity, energy band gap, real and imaginary 
dielectric constants, were evaluated using the appropriate 
equations. The transmittance (T) of the deposited films was 
evaluated using  𝑇𝑇 = 10−𝐴𝐴 [28, 29], where A is the absorbance. 
While R = 1- (A + T) as given by [30, 31], was used to evaluate 
the reflectance (R) of the deposited films. 

4.2.1 Absorbance (A), Transmittance (T), and Reflectance 
(R) Plots 

Plots of the absorbance, transmittance, and reflectance of the 
deposited films of undoped copper (II) sulfide (CuS) and 
titanium-doped copper (II) sulfide (Ti:CuS) are depicted in 
Figure 4 (a-c). 

The optical absorption coefficient (𝛼𝛼) of the films was 
calculated using equation (5), as given by [32-34]: 

 

                            𝛼𝛼 = 1
𝑡𝑡

In �1
𝑇𝑇
�                            (5) 

Where t is the thickness of the films and T is the transmittance. 
The extinction coefficient (K) of the deposited films was 
evaluated using equation (6), as given by [35, 36]: 

                             k =  α λ
4π

                                   (6) 

The refractive indices of the samples were calculated using 
equation (7), as given by [37, 38]: 

                      𝜂𝜂 = 1+𝑅𝑅
1−𝑅𝑅

+ � 4𝑅𝑅
(1−𝑅𝑅)2

− 𝑘𝑘2           (7) 

The optical conductivity (𝜎𝜎𝑜𝑜) of the films was calculated using 
equation (8), as given by [39, 40]: 
                      𝜎𝜎𝑜𝑜 = αηc

4π
                                                 (8) 

where c is the speed of light. The energy band gap of the films 
was calculated using Tauc’s formula for near-band edge 
absorption, as given by [41 - 44]: 
                     (𝛼𝛼ℎ𝑣𝑣)𝑛𝑛 = 𝐴𝐴�ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔�                   (9) 

where α is the optical absorption coefficient, A is the transition 
probability constant, h is the Planck’s constant, v is the frequency 
of incident radiation, Eg is the band gap of the films and n is the 
characteristic constant for the optical transition. The optical band 
gap energy (Eg) of our deposited films were obtained by 
extrapolating the straight portion of the plot of (𝛼𝛼ℎ𝑣𝑣)2 against 
the photon energy (ℎ𝑣𝑣) at (𝛼𝛼ℎ𝑣𝑣)2 = 0. The films’ complex 
dielectric function was estimated from the relation given by [45, 
46]: 
                     ℇ = ℇ𝑟𝑟 + iℇ𝑖𝑖                                  (10) 

                     ℇ𝑟𝑟 = 𝑛𝑛2 − 𝑘𝑘2                                  (11) 

                     ℇ𝑖𝑖 =  2𝑛𝑛𝑘𝑘                                        (12) 

Where ℇ𝑟𝑟 and ℇ𝑖𝑖 are the real and imaginary parts of the 
dielectric constant, respectively. Figures (4.2), (4.3), and (4.4) 
show the absorption spectral, transmittance, and reflectance of 
the undoped CuS and Ti-doped CuS thin films, respectively. 

From Figure 4.2, the absorbance spectra showed a uniform 
decrease in absorbance as photon wavelength increased across 
UV and VIS regions, with a very slight increase within the NIR 
region. Also, absorbance was found to have increased as 
percentage of titanium increased. The increase in absorption of 
photon energy is evidence that there is substitution of copper ions 
by titanium ions in the lattice structure of copper sulfide. Figure 
4.3 revealed that the transmittance values of the films increased 
uniformly with increase in wavelength within UV and VIS 
regions, but showed a slight decrease at NIR region. This high 
transmission indicates the high level of homogeneity of the films. 
Also, transmission of the films was found to decrease as the 
dopant concentration was increased. Reflectance of the thin films 
increased within UV region, as wavelength increased, with the 
exception of the undoped and 2 % Ti doped copper sulfide thin 
films that started decreasing from the UV region, as shown in 
Figure 4.4. From the results obtained, Ti-doped CuS films 
recorded low reflection compared to the undoped CuS films. This 
could be attributed to the high absorbance nature of the films, 
caused by the thickness, which increased as the titanium 
percentage concentration was increased. The results showed that 
these films are good absorber of photon energy within the visible 
region and could be used to shed UV radiation and for 
antireflective coatings. 
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Figure 4.2:  Plot of absorbance against wavelength for undoped and 
titanium-doped copper (II) sulfide thin films deposited at different 
titanium concentrations. 

 
Figure 4.3: Plot of transmittance against wavelength for undoped 
and titanium-doped copper (II) sulfide thin films deposited at 
different titanium concentrations 

 
Figure 4.4: Plot of reflectance against wavelength for undoped and 
titanium-doped copper (II) sulfide thin films deposited at different 
titanium concentrations. 

 
Figure 4.5: Plot of extinction coefficient against wavelength for 
undoped and titanium-doped copper (II) sulfide thin films deposited 
at different titanium concentrations. 
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Figure 4.6: Plot of refractive index against wavelength for undoped 
and titanium-doped copper sulfide (II) thin films deposited at 
different titanium concentrations 

 
Figure 4.7: Plot of optical conductivity against wavelength for 
undoped and titanium-doped copper (II) sulfide thin films deposited 
at different titanium concentrations. 
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Figures 4.5 – 4.9 show the plots of extinction coefficient, 
refractive index, optical conductivity, real, and imaginary 
dielectric constants of the films, respectively. 
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Figure 4.8: Plot of real dielectric constant against wavelength for 
undoped and titanium-doped copper (II) sulfide thin films deposited 
at different titanium concentrations. 

The graph (Fig. 4.5) revealed that the extinction coefficient of 
undoped CuS films decreased within UV-VIS (300 nm – 700 nm) 
regions, and increased at NIR region (800 nm), while Ti-doped 
CuS films decreased as wavelength 
increased from 300 nm – 560 nm, then 
remained steady before increasing at 880 
nm. From Fig. 4.6, the result obtained 
showed that refractive index of the films 
was reducing (at 300 nm), as doping 
percentage concentration was increased. 
The result shown in Fig. 4.7 is a 
revelation of the fact that, as Ti doping 
concentration was increased from 2 % to 
6 %, the optical conductivity values 
increased, and then decreased beyond 6 % 
doping concentration (at 300 nm). Also, 
the Figure showed that optical 
conductivity of the deposited thin films 
decreased with increased wavelength. 
From Fig. 4.8, it can be observed that the 
undoped CuS thin film recorded the 
highest real dielectric constant within UV 
region. But with the introduction of 
titanium ion as a doping agent, the real 
dielectric constant decreased within the 
UV region. Furthermore, within the VIS 
region, real dielectric constant increased 
with doping concentration. The graph 
(Fig. 4.9) showed that the imaginary 
dielectric constant of the films decreased 
(from 350 nm) within UV – VIS region, 
but increased within NIR region. Also, 
the results obtained across the 

wavelengths showed that imaginary dielectric constant values 
increased with the doping concentration. 
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Figure 4.9: Plot of imaginary dielectric constant against wavelength 
for undoped and titanium-doped copper (II) sulfide thin films 
deposited at different titanium concentrations. 

Figure 4.10 is the plot of (αhv)2
 against photon energy for 

undoped and titanium-doped copper (II) sulfide thin films. From 
the graph, energy band gap of the films were estimated by 
extrapolation of the straight portion of the graph along the photon 
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Figure 4.10: Plot of (αhv)2 against photon energy for undoped and titanium-doped copper 
(II) sulfide thin films deposited at different titanium concentrations 
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energy axis where (𝛼𝛼ℎ𝑣𝑣)2 = 0. Energy band gap of 2.40 eV, 2.60 
eV, 2.40 eV, and 2.55 eV, were recorded for the undoped CuS 
thin film, 2 %, 6 %, and 10 % titanium-doped CuS thin films, 
respectively. As it is shown in the figure, the introduction of 
titanium dopant (2 %) into the precursor of copper sulfide thin 
film, altered the energy bandgap of the deposited CuS film. This 
is based on the fact stated by [47], that titanium doping can 
increase the carrier concentrations and shift the Fermi level 
towards the conduction band that leads to shift in absorption edge 
towards the higher energies. However, at 6 % doping, the energy 
bandgap droped to a value similar to the undoped CuS film (2.40 
eV), which could be as a result of the possibility of formation of 
some related titanium phases such as TiS, with the same energy 
bangap as the undoped CuS film. The energy bandgap increased 
further with higher percentage doping (10 %). 

4.3 Structural Analysis 
Fig. 4.11 reveals the XRD pattern of the films, which was used 

to analyze the structural behavior of the electrodeposited films. 
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Figure 4.11 (a): Structural patterns of undoped and Ti-doped copper 
(II) sulfide thin films 

 
The matching of the calculated dhkl values and the standard 

ones confirms that all the deposited films crystallize well in the 
hexagonal structure with preferential orientation of the 
crystallites along the (103) direction with 2 theta angles of  
31.813 º, 31.841 °, 31.919 °, and 31.910 ° for the undoped and 
titanium-doped copper sulfide thin films, respectively, and lattice 
constant a₌b₌  3 .7920 Å and c ₌ 16.3440 Å. Increase in dopant 
concentration caused an increase in intensity of the diffraction 
peaks and shift in the peaks towards larger angles as can be 
observed in Table 4.7. Peak shift towards higher angles as 
titanium ion concentration was increased could be due to the fact 
that titanium ions simply occupied copper ions’ sites. This 
substitutional occupation of copper ion sites by titanium ions, 
caused peak shift towards higher angles due to expansion of the 
lattice constant of the host ion (Cu2+). The average crystal sizes 
(range from 27.761 nm to 31.455 nm) shown in Table 4.3 were 
calculated using Debye-Scherrer’s relation [48, 49] given as: 

 
                  𝐷𝐷 = 𝑘𝑘 𝜆𝜆

𝛽𝛽 cos𝜃𝜃
                                                                  (13)  

Where k = 0.9 (the shape factor); λ = X-ray wavelength; β = 
Full Width Half Maximum; and D = grain size. 

From the values of the crystallite size obtained, the dislocation 
density (𝛿𝛿), the microstrain (𝜀𝜀) and the inter-planer spacing (d) 
[50] of the deposited films, were calculated using equations (14), 
(15) and (16), respectively: 

             𝛿𝛿 = 1
𝐷𝐷2

                                                                  (14) 

           𝜀𝜀 = 𝛽𝛽
4 tan𝜃𝜃

                                                      (15) 

          𝑑𝑑 = 𝜆𝜆
2sinθ

                                                                (16) 

The XRD results obtained showed that, with the increase in 
dopant percentage, crystallite size of the films increased, while 
dislocation density and micro-strain decreased. This could be 
attributed to improvement in the crystal structure due to titanium 
ion doping. Figure 4.11 (b) shows the variation of crystallite size 
and dislocation density with concentration of dopant ion 
(titanium ion). 

 
Figure 4.11 (b): Variation of crystallite size and dislocation density 
with titanium ion concentration for undoped and titanium-doped 
copper sulfide (II) thin films 
 
Table 4.3: Structural parameters of Ti-doped copper (II) sulfide thin 
films at varied concentrations of titanium ions 
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52.79
7 

108 
1.733 0.469 

19.75
0 2.564 

4.12
3 

54.62
7 

220
* 1.679 0.375 

24.91
9 1.610 

3.16
6 

 Average 27.76
1 

1.391 3.89
6 

Ti: 2% 26.61
3 
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* 3.347 0.273 

31.21
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9 
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1 
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3 
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8 
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5 
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6 
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2 
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1 
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2 
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9 
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8 
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1 
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* 2.644 0.327 

26.52
5 1.421 

4.68
6 
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3 
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2 
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5 
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3 
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6 
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9 
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5 
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4.4  SEM analyses 
Figure 4.12 shows the SEM images of undoped and titanium-

doped copper (II) sulfide thin films deposited at different 
concentration of titanium ions. The SEM images revealed 
agglomerated particles of different sizes and shapes. The 
undoped copper (II) sulfide film contained spherical-like particle 
sizes that are less densely packed. The surface morphology of the 
film deposited at titanium concentration of 2 % showed the 
formation of larger spherical-like particles that are not well 
distributed on the substrate when compared to the undoped 
copper (II) sulfide film.  Increasing the doping concentration to 6 
% leads to the increase in the number of clusters and 
agglomerated nanoparticles. At further increase in doping 
concentration (10 %), the particle sizes of the film decreased, and 
the grains became unevenly distributed on the substrate. From the 
results, however, particles of the films are of unequal distribution, 
which suggest formation of polycrystalline thin films of copper 
sulfide and titanium-doped copper (II) sulfide thin films. 

 

 
Figure 4.12: SEM images of undoped and titanium-doped copper 
(II) sulfide thin films at different percentages of titanium ion 

 
4.5  EDS analyses 
Figure 4.13 (a) and (b) showcase the elemental composition of 

the undoped copper (II) sulfide and titanium-doped copper 
sulfide thin films, respectively. Fig. 4.13 (a) confirms the 
presence of the anticipated elements (Cu and S) in the deposited 
film, but with some impurity atoms. Also, Fig. 4.13 (b) confirms 
the presence of the anticipated elements (Cu, S, and Ti) in the 
deposited film, but with some impurity atoms. The presence of 
impurity atoms (silicon, calcium, and oxygen), was as a result of 
the composition of the glass substrate. 

4.6  Electrical Analyses 
Electrical properties of titanium-doped copper (II) sulfide thin 

films synthesized at different titanium ion concentration are 
shown in Table 4.4. The result revealed a variation in the 
electrical properties due to the doping of copper (II) sulfide with 
titanium ion. Electrical resistivity value of 58.89 × 10−5 Ω𝑚𝑚 
and conductivity of 1.70 × 103 (𝑆𝑆/𝑚𝑚) were obtained for the 
undoped CuS thin film. Close observation showed that 
immediately titanium ion was introduced, the films’ resistivity 
value decreased to 11.37 × 10−5 (Ω𝑚𝑚), and decreased further to 
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7.68 × 10−5 Ω𝑚𝑚, as percentage doping was increased from 2 % 
to 6 %. But at peak value of 10 %, the resistivity value slightly 
increased to 9.34 × 10−5 Ω𝑚𝑚. While the films’ resistivty was 
decreasing, the electrical conductivity of the films was found to 
have increased from  8.70 × 103 𝑆𝑆/𝑚𝑚 to 13.02 × 103 𝑆𝑆/𝑚𝑚, 
which later decreased to 10.71× 103 S/𝑚𝑚 as the resistivity value 
increased [61]. The decrease in electrical conductivity could be 
attributed to the increase in the thickness of the deposited thin 
films, due to the increase in titanium ion concentration. The graph 
of electrical resistivity and conductivity against percentage of 
titanium ion is shown in Figure 4.14.  

 
Figure 4.13 (a): EDS graph of the undoped CuS thin film 

 

Figure 4.13 (b): EDS graph of Ti-doped CuS thin film 

Table 4.4: Electrical properties of titanium-doped copper (II) sulfide 
thin films deposited at different titanium doping concentrations 

Dopant 
Conc. 

𝑽𝑽 
× 𝟏𝟏𝟎𝟎−𝟑𝟑 

     
(volts) 

𝑰𝑰 
× 𝟏𝟏𝟎𝟎−𝟓𝟓 

   
(amps) 

Thickness 
(nm) 

𝝆𝝆 
× 𝟏𝟏𝟎𝟎−𝟓𝟓 

(𝛀𝛀 𝒎𝒎) 

𝝈𝝈𝒆𝒆  
× 𝟏𝟏𝟎𝟎𝟑𝟑 

(𝑪𝑪/𝒎𝒎) 

CuS 38.33 3.22 109.16 58.89 1.70 

Ti: 2 % 3.77 1.70         113.17 11.37 8.70 

Ti: 6 % 7.26 5.19         121.11 7.68 13.02 

Ti: 10 % 10.18 6.51 131.79 9.34 10.71 

 

 
Figure 4.14: Variation of electrical resistivity and conductivity with 
percentage of titanium ion. 

 
4.7 Magnetic analyses of the deposited thin films 
The magnetic properties of Ti-doped copper (II) sulfide thin 

films were analyzed using a vibrating sample magnetometer 
(VSM) at room temperature to study the impact of Ti ion 
substitution within a range of -60000 to 60000 (Oe). The findings 
are shown in Fig. 4.15. The magnetic hysteresis loops of the 
samples did not saturate, even when exposed to the highest 
measured field, showing their antiferromagnetic properties. 
Increasing Ti doping from 2% to 6% resulted in an increase in 
magnetization (Mmax) from -0.00057 to 0.00048 emu/g – this is 
in agreement with (44). The increase in magnetization intensity 
of these films could be because of the changes in cation and anion 
valence during annealing and transformation of the crystalline 
structure caused by Ti doping. The highest magnetization rose as 
the titanium ion content increased. Also, the films showed low 
coercivity (Hc), and the results showed that higher permeability 
was associated with lower coercivity.  
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doping increases magnetization. This is in agreement with the 
work reported by (44). 

There is a shift in the absorption spectrum observed in the 
optical result – this may be due to quantum confinement effects. 
The crystallites size of the films increased with increase in doping 
percentage – it may be attributed to the increase in the film 
thickness. 

Electrodeposited Ti-doped CuS thin films show a thickness 
increase directly proportional to the Ti doping level. Similar 
trends in Zn-doped CuS films produced by chemical bath 
deposition were reported by Choudhury et al. (2020) [51], who 
attributed the increased film thickness to improved nucleation 
from dopant addition. According to Sankapal et al. (2005) [52], 
increasing dopants like In and Sn linearly increase the thickness 
of CuS films. Our results support previous research showing that 
dopants increase deposition rate and grain growth. 
Electrodeposited Ti-doped CuS thin films showed increased 
absorbance and decreased transmittance with Ti doping; bandgap 
energy ranged from 2.40–2.60 eV. In Ni-doped CuS films, 
Kumar et al. (2016)[53] found higher absorbance and lower 
transmittance. The reported band gap of undoped CuS is 2.2–2.5 
eV [54], which aligns with the Burstein-Moss effect observed in 
doped semiconductors, explaining our observed band gap 
widening with Ti doping. Doping-induced carrier concentration 
changes in Al-doped CuS led to a bandgap widening from 2.25 
to 2.55 eV [55]. Our optical findings align with past research on 
doped CuS films, suggesting that doping alters the band structure 
and enhances light absorption. 

The hexagonal crystal structure of electrodeposited Ti-doped 
CuS thin films shows preferred (103) orientation. Crystallite size 
grew from approximately 27.8 nm to approximately 31.5 nm. 
With doping, dislocation density and strain lessened. Low-
temperature deposition frequently produces hexagonal CuS with 
a (103) preferred orientation, according to Mane & Lokhande 
(2000)[56]. Increases in crystallite size and decreases in strain, 
similar to those observed in Ti- or Zn-doped semiconductors, 
were also reported in Ti-doped ZnO by Kumar et al. (2019)[57]. 
The observed structural changes, mainly larger crystallites and 
fewer defects, are characteristic of doped thin-film growth. 
Clustered particles; Parreira et al. (2012)[58] reported similar 
morphological improvements with optimal dopant levels in Cu-
based sulfides. Our study also showed that over- or under-doping 
often results in uneven morphology or clumping. The SEM 
results support the established trend of improved film quality at 
moderate dopant concentrations. Increased resistivity and 
decreased conductivity resulted from doping. This behavior 
might appear illogical, since doping usually enhances 
conductivity. Despite its advantages, Ti, being a multivalent 
dopant, might introduce deep trap states or cause grain boundary 
scattering. Abdullah et al. (2018)[59] found that Ti doping in CdS 
reduced conductivity by increasing recombination centers. Our 
findings are credible and consistent with existing research on 
dopant-induced charge carrier scattering or defect states. 

Antiferromagnetic behavior was observed in Ti-doped CuS 
thin films deposited through electrodeposition. CuS, without 
doping, usually shows no magnetism or only weak 

diamagnetism. Introducing transition metal dopants (Ti) leads to 
antiferromagnetism or weak ferromagnetism. The findings on Ti-
doped oxide semiconductors show similar unsaturated hysteresis 
loops[60]. The room-temperature antiferromagnetic signature is 
similar to other transition metal-doped systems. Our findings are 
consistent with the literature on doped CuS and similar 
chalcogenide thin films. The structural, optical, electrical, and 
magnetic properties are impacted by the dopant (Ti) as predicted. 
The antiferromagnetic behavior and higher electrical resistivity 
offer unique perspectives, especially considering the under-
reported Ti doping in CuS in contrast to Zn, Ni, and Al doping. 

CONCLUSION 
With the use of electrodeposition technique, copper (II) sulfide 

thin film and Ti-doped copper (II) sulfide thin films have been 
successfully deposited onto conducting glass substrate (FTO), at 
room temperature. Thickness of the films were obtained using a 
profilometer, and the values obtained revealed that the films’ 
thickness increased with increase in Ti doping concentration. 
Optical, structural, morphological, elemental, electrical, and 
magnetic properties of the electrodeposited films have been 
investigated, and observation showed that properties of the films 
were affected by the doping percentage. Optical absorbance 
values of the films were found to have increased as percentage of 
titanium was increased, while transmittance values of the films 
were found to have decreased as the dopant concentration was 
increased. Also, from the results obtained, Ti-doped CuS films 
recorded low reflection compared to the undoped CuS films. This 
could be attributed to the high absorbance nature of the films, 
caused by the thickness, which increased as the titanium 
percentage concentration was increased. Other optical properties 
such as extinction coefficient, refractive index, optical 
conductivity real and imaginary dielectric constants, and energy 
band gap were estimated using established expressions from our 
reviewed literatures. The energy bandgap varied from 2.40 eV to 
2.60 eV, as the doping concentration was varied. EDS spectra of 
the films revealed atomic percentages of elements present in the 
films. The films crystallize well in the hexagonal structure with 
preferential orientation of the crystallites along the (103) plane. 
The average crystal sizes range from 27.761nm to 31.455 nm. 
The results obtained showed that, with the increase in dopant 
percentage, crystallite size of the films increased, while 
dislocation density and micro-strain decreased. The SEM images 
revealed agglomerated particles of different sizes and shapes. 
However, the film deposited at 6 % Ti doping has a better and 
homogeneous surface. Electrical conductivity and resistivity of 
the films varied with respect to the percentage doping. As 
conductivity decreased, resistivity increased. From the VSM 
analyses, the films exhibited clear hysteresis loops at room 
temperature, and there was no observed magnetic saturation, 
even at higher applied magnetic fields, which confirmed the 
antiferromagnetic nature of these films.  
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