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A B S T R A C T   

Thin films of cadmium telluride (CdTe) have attained the attention of researchers due to the 
potential application in solar cells. However, cost-effective fabrication of solar cells based on thin 
films along with remarkable efficiency and control over optical properties is still a challenging 
task. This study presents an analysis of the structural, optical and electrical properties of undoped 
and Cu-doped CdTe thin films fabricated on ITO coated glass substrates using an electrodeposition 
process with a focus on practical applications. Electrolytes of cadmium (Cd), tellurium (Te) and 
copper (Cu) are prepared with a low molarity of 0.1 M. Thin films are deposited by keeping 
current density in the range of 0.12–0.3 mA/cm2. Copper doping is varied (2-10 wt%) for the 
optimized sample. X-ray diffraction crystallography indicates that both undoped CdTe and Cu- 
doped CdTe films crystallize into a dominant hexagonal lattice. Direct energy band gap is 
observed for both undoped and doped conditions. The study revealed a drop in the optical band 
gap energy to ~1.46 eV with the increase in doping (Cu) concentration from 2 to 10 wt%. In-
crease in mobility and conductivity is observed with the increase in current density of the 
deposited undoped CdTe thin films. Whereas, Cu doping of 6 wt% produced thin films with 
acceptable mobility and conductivity for the doped samples. Furthermore, photoluminescence 
(PL) spectroscopy unveiled a multitude of emission peaks encompassing the visible spectrum, 
arising from the combination of electrons and holes through both direct and indirect recombi-
nation processes. Findings of this study suggest that chemically produced CdTe thin films would 
be suitable for use as low-cost applications pertaining to solar cells.   

1. Introduction 

The provision of sufficient energy is one of the primary obstacles standing in the way of the nation’s advancement [1]. Both 
renewable energy and sustainable energy are types of energy sources that are better for the environment [2,3]. Energy derived from the 
sun, wind, and water are all included in this category [4]. Stable, sustainable, ecologically benign source of energy can be provided by 
the sun to the entire world. The solar energy is readily available and the devices using this energy (solar cells) hardly require any 
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maintenance. Solar cells made of crystalline silicon hold the majority share of the market at the moment. These days, dye-sensitized 
solar cells [5] and thin film solar cells [6] are getting a lot of interest because of their ability to lower production costs [7,8]. The 
absorber layer serves as the device’s central processing unit in solar cells based on thin films. It is possible to use a variety of thin films 
for this layer, including cadmium telluride (CdTe), thin film of silicon, gallium arsenide (GaAs), antimony sulphide (Sb2S3) and copper 
indium gallium selenide [9,10]. Despite of the CIGS low price and better efficiency, compounds with four elements are difficult to 
manufacture [11]. Further, the efficiency of solar cells based on thin films of amorphous silicon is currently not very high [12]. CdTe is 
the most desirable and promising material for the production of solar cells based on thin-films because of its low processing and 
production cost along with relatively high efficiency as compared to other thin films based solar cells. CdTe, commonly known as 
cadmium telluride, is II-VI compound semiconductor that belongs to the chalcogenide family. 

Thin-film photovoltaic (PV) technology using solar energy holds great potential for the future life of mankind [13]. Due to suitable 
properties of CdTe including its optical type and value of energy band gap, high value of absorption coefficient, uniform growth 
provision using both chemical and physical methods, control over conductivity, its relatively higher theoretical conversion efficiency 
(33 %) [14,15] along with reasonable settlement time after investment [16,17]—it has attracted the attention of many research 
groups. Its strong binding energy and high melting temperature of 1041 ◦C [18] contribute to the stability. Polycrystalline CdTe is a 
flexible material even in the realm of manufacture. Solar cells [19], sensors, chemical and physical [20], diagnosting imaging [21], and 
detectors based on electromagnetic radiations including X-ray and gamma - ray [22] are just some of the many semiconductor devices 
that could benefit from this technology. 

CdTe thin films have been developed using various methods, including the pulsed laser approach [23], sputtering [24], thermal 
evaporation [25], chemical-bath approach [26], and electrodeposition [27]. The cost of material prepared using the physical approach 
is high due to the need for vacuum pumps and gauges. Chemical techniques are gaining much attention among researcher’s community 
because of their low cost and large area growth. Nevertheless, it can be challenging to manage a number of factors, including 
composition, purity, etc. [28]. There are benefits and drawbacks to using various deposition methods. Electrodeposition method can be 
chosen because of the feasibility to produce materials with n- and p-type conductivity by adjusting the deposition voltage and/or 
current density [29,30]. Scalability, low cost, waste reduction, simplicity, high quality, low toxic waste production, and ease of doping 
can be the additive advantages of electrodeposition technique. Electrodeposited materials can be prepared at room temperature and 
tuning the deposition parameters may allow to produce fine-grained film with uniform thickness and composition [31,32]. The 
absorbance of the layer in solar cell devices is proportional to the thickness of the film, which is mostly regulated by the deposition 
parameters [33]. 

In earlier studies, the efficiency of a solar cell device made of glass/FTO/CdS/CdTe/Au was tested in both dark and light conditions 
[34]. On the other hand, this lengthens the time it takes to process the order, which ultimately drives up the price. Doping can be used 
to increase the conductivity of CdTe thin films and improve its efficiency [35]. Copper can modify the photovoltaic characteristics of 
solar cells during the manufacturing process that can affect the performance of solar cells [34,35]. Copper can migrate from a back 
contact that contains copper to the cell junction. Similarly, storing a Cu-doped CdTe single crystal at ambient temperature results in a 
noticeable shift in its luminous characteristics [36,37]. The hole density or p-type conductivity of a CdTe layer can be improved by 
doping with Cu [38]. In addition, copper is one of the elements that is deliberately added to electronic devices to affect their per-
formance. As a result, it is necessary to get an in-depth understanding of the effect that Cu can produce in CdTe material. 

In this study, effects of Cu-doping are studied for CdTe thin films. Electrodeposition technique is used to prepare undoped and 
copper doped CdTe thin films using ITO coated glass substrates. Ethylene glycol was used as solvent and salts of cadmium and 
tellurium were used as precursors. The prepared samples were deposited using variation in pH and current density using electrode-
position technique. Optimized sample was selected to be doped by copper (Cu). Thin films developed in the present study offered a 
provision to tune the energy band gap, conductivity and mobility under undoped and doped conditions without following the complex 
procedure and/or post deposition treatments. The use of ethylene glycol in depositing CdTe films on indium tin oxide (ITO) coated 
substrates offers certain advantages that include conductivity and structural stability. Ethylene glycol serves as a solvent and stabilizer 
in the deposition process. The C–O and O–H groups in ethylene glycol contribute to its unique properties, promoting the formation of 
sigma bonds that enhance the polarity of the solution [39]. The current findings will prove to be of assistance in the production of 
Cu-doped CdTe-based solar cells that have high conversion efficiencies. 

2. Experimental details 

2.1. Materials 

Research grade cadmium chloride bi hydrated, tellurium nitrate and copper chloride bi hidrated were used for synthesis of the 
material. De-ionized (DI) water and ethylene glycol were utilized as a solvent. 

2.2. Synthesis details 

Cadmium telluride thin films were deposited by cost effective electrodeposition technique on ITO coated glass substrates. An 
electrolyte, containing 0.1 M cadmium chloride and tellurium nitrate was prepared using 200 ml of ethylene glycol. The conductivity 
advantage in this context may be attributed to ethylene glycol’s ability to facilitate the transport of Cd and Te ions to the substrate 
surface during electrodeposition. Its polar nature and solvating properties can enhance the mobility of charged species, allowing for a 
more efficient deposition process. Additionally, the stabilizing effect of ethylene glycol may contribute to the uniform and controlled 
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growth of CdTe films on the ITO-coated substrate. Overall, the use of ethylene glycol in the deposition of CdTe films on ITO-coated 
substrates is likely driven by its role in optimizing the electrochemical conditions for efficient film formation, resulting in 
improved conductivity and desirable film characteristics for electronic applications, such as solar cells [39]. Electrolytes were prepared 
by stirring the solution for 4 h. Molarity and pH of the electrolytes is varied and analyzed using cyclic voltammetry. pH was varied in 
the range of 3–7 by adding appropriate amount of sodium hydroxide. Copper chloride was separately mixed in ethylene glycol, and 
mixing was performed at room temperature; this solution was used as a dopant solution. Electrolytes prepared with pH 3 were selected 
to be used to deposit undoped and Cu doped thin films of cadmium telluride, deposition response of the Cd and Te ions with varying 
potential and time is shown in Fig. 1(a and b). CdTe thin films were prepared by keeping current density in the range of 0.12–0.3 
mA/cm2. Substrates were rinsed with DI water and placed in an ultrasonic bath using acetone and isopropyl alcohol for the removal of 
impurities. In an electrolyte, vertically positioned ITO coated glass substrate is considered as working electrode. Platinum wire was 
used as counter electrode, whereas saturated calomel electrode (SCE) was used as a reference electrode. Detailed steps of synthesis can 
be seen in Fig. 2. Thin films with dark brown-grey colored were observed at 0.2–0.3 mA/cm2 current density, whereas, dark grey 
colored thin films were observed at relatively low values of current density. 

2.3. Characterization techniques 

For crystal structural analysis of thin films, X-ray Diffractometer was used for the angular range of 2θ◦ = 20–80◦. 30 kV and 20 mA 
were used to produce Cu Kα radiations (1.5406 Å). The optical properties of films were studied by J.A. Woollam M − 2000 Variable 
Angle Spectroscopic Ellipsometer (VASE) and Shimadzu’s UV–Vis spectrophotometer. Hall measurement setup was used to study the 
electrical properties of the samples. FS5 spectrofluorometer, Edinburgh Instrument, equipped with a xenon arc lamp was used for 
photoluminescence analysis. 

3. Results and discussion 

3.1. Structural results 

XRD analysis was performed to assess the crystallographic growth of undoped CdTe thin films on ITO coated substrates [Fig. 3]. 
CdTe thin films were produced by keeping various current density values. Hexagonal dominated CdTe phase was observed in the XRD 
patterns [Fig. 3], whereas no peaks related to Cd and Te ions were detected. XRD peaks were labelled with (102), (013), (022), and 
(204) planes related to hexagonal lattice of CdTe. Less intense cubic planes were also observed under all the conditions. Increase in 
peaks intensity along with lower 2 theta shift was observed with the increase in current density to 0.15 mA/cm2. This result shows that 
thin films were affected by tensile strain during the growth. Minimum contribution from cubic phase was observed with the increase in 
current density to 0.2 mA/cm2. Slight variation in the peak position of the (013) plane might have been observed because of the strain 
produced due the development of cubic and hexagonal phase of CdTe. A similar scenario of mixed cubic and hexagonal phases of 
electrodeposited CdTe thin film deposited on FTO glass substrates grown at different deposition times was reported by Yimamu et al. 
[40]. 

Response of crystallite size, strain, stacking fault probability (SFP) and texture coefficient was calculated by Eqs. (1)–(4) [41]. 

t=
0.9 λ

β cos θ
(1)  

In above equation, λ stands for wavelength (1.5408 Å), β for full width at half maximum (FWHM) and θ represents Bragg angle. 

Fig. 1. (a) Cyclic voltammetry and (b) current vs. elapsed time plots for of (i–v) S1–S5.  
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Microstrain in thin films were calculated using Eq. (2) [41]. 

Strain= ε =
Δd
d

(2) 

The stacking fault probability can be calculated by using Eq. (3) [41]. 

Stacking Fault Probability=
[

2π2

45
̅̅̅
3

√
tan θ

]

∗ Δ2θ (3) 

Increase in crystallite size was witnessed with the increase in current density to 0.2 mA/cm2 (S3). Further increase in current 
density led to a decreased value of crystallite size as shown in Fig. 4(a). Increased film thickness and formation of larger crystallite size 
may produce lower value of strain because of the reduced number of grain boundaries and defects [42]. Several factors including 
nucleation and growth mechanism along with the coalescence of smaller crystallites contribute to the formation of a continuous thin 

Fig. 2. Flow diagram for the preparation of thin films.  

Fig. 3. XRD patterns of CdTe thin films prepared by keeping current density of (s1-S5): (a–e) 0.12–0.3 mAcm− 2..  
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and homogenous thin film. The probability of forming larger crystallites at particular value of current density was observed because of 
the enhanced electrostatic interaction [43]. Phase strengthening and stability are key parameters responsible for the growth of larger 
crystallites. Deposition parameters (such as temperature, pH of solution, deposition rate, electric field between counter and working 
electrodes, contaminants, etc.) can also introduce inherent stress into films [44]. The FWHM of the XRD peaks is affected by a number 
of different parameters, including strain, crystallite size, inhomogeneous distribution of particle size, and experimental broadening 
[44]. As can be seen in Fig. 4(a), the formation of dominant hexagonal phase of CdTe at current density of 0.2 mA/cm2 led to minimum 
development of strain in thin film. As can be shown in Fig. 4(b), the dominant hexagonal phase of CdTe (S3) produced reduced value of 
stacking fault probability (SFP). 

The changes in texture coefficient was also estimated by following formula as shown in Eq. (4) [41]. 

Tc =

I(hkl)
I0(hkl)(

1
N

)
∑

[
I(hkl)
I0(hkl)

] (4) 

I(hkl) stands for intensity of (hkl) planes observed from XRD patterns, Io(hkl) shows intensity obtained from standard data, N =
number of diffraction peaks. 

Polycrystalline thin films have a unique property known as a preferred crystal orientation, which could have an impact on the film’s 
optical, electrical, and magnetic properties. Structural re-arrangement may lead to shift in preferred orientation. Texture coefficient 
values can be used to identify if a thin film has undergone a shift towards a more random crystal orientation or vice versa. Fig. 4(c) 
shows variation in texture coefficient for CdTe thin films. Minimized structural stresses and surface energy may lead to a dominant 
preferred orientation along a specific plane [45,46]. 

Fig. 4. Variation in (a) crystallite size & strain, (b) stacking fault probability and (c) texture coefficient by keeping current density of (S1–S5) 
0.12–0.3 mAcm− 2.. 
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The structural characterization of the doped CdTe thin films prepared by keeping current density of 0.2 mA/cm2 is shown in Fig. 5. 
Copper (Cu) doping was varied in the range of 2 to 10 wt%. All the films were found to have a polycrystalline structure, as evidenced by 
the presence of reflection lines corresponding to the (102), (013), (220), and (204) diffraction planes, which is consistent with the 
presence of the hexagonal phase of CdTe structure (ICSD 01-080-0088). It is important to note that the XRD patterns did not exhibit any 
additional metallic peak linked to copper phases, such as copper oxide and/or copper cluster. This is evidence that Cu2+ ions were 
successfully incorporated into the CdTe lattice without causing a change in the hexagonal structure of CdTe. It was observed through 
Fig. 5(b) that the peak location of the (013) plane is moved towards higher diffraction angles as a result of the strain caused in the film 
by the inclusion of Cu ions in the CdTe structure [47]. Increase in crystallinity was observed with the increase in doping content to 6 wt 
%, this is evident with the increased intensity of the crystal planes [Fig. 5(a-c)]. Thin films of Zn- and Cu-doped CdTe were reported to 
exhibit the similar behaviour in the literature [48,49]. Decreased peak intensity was observed with the further increase in doping 
content to 8–10 wt% as shown in Fig. 5(d and e). 

Variations in crystallite size and strain of CdTe thin films as a function of dopant concentration (2-10 wt%) is shown in Fig. 6 (a). It 
was determined that the value of the average crystallite size of the Cu-doped CdTe film varies from ~25 to 36 nm. The intensity of 
(013) plane was increased when the Cu doping percentage was increased to 6 wt%. Increased crystallite size along with decreased 
value of strain and stacking fault probability was observed with the increase in doping content to 6 wt% [Fig. 6(a-b)]. Further increase 
in doping led to a relative decrease in crystallite size and increase in the values of strain and stacking fault probability. This doping 
dependent behaviour describes the incorporation of Cu2+ ions into the CdTe lattice that helped to enhance the crystallinity and 
decreased defects for the thin films prepared with 6 wt% doping, similar response has been reported previously [50]. The incorporation 
of Cu ions, with 2 wt% doping into the CdTe thin films, led to increased value of strain as compared to the undped thin films. However, 
reduced strain values were observed with the increase in doping content to 6 wt% as compared to the undoped CdTe thin films. Dopant 
concentration may have strong effect on the crystallite size, surface morphology and orientation of crystal lattices [51,52]. Variation in 
texture coefficient is shown in Fig. 6 (c). 

3.2. Optical studies 

UV–Vis spectroscopy was used to examine the absorbance spectra [Fig. 7 (a,b)] and energy band gap values [Fig. 8] of the undoped 
and Cu-doped CdTe thin films. UV–Vis spectra of the CdTe thin films, under doped and undoped, demonstrated that the CdTe thin films 
have a high optical absorbance. Absorption coefficient was calculated using Beer-Lambert’s law as given below in Eqs. (5) and (6) [53]: 

− log10
I
Io
= α.d (5) 

Or 

I = Ioe− αd (6)  

where I is the intensity that is being transmitted, Io is the intensity that is being incident onto the film, d is the thickness. 
Higher absorbance values can be attributed to the increased crystallite size and reduced defects. It has been observed that the thin 

films, doped and undoped, exhibited significant absorbance in the near visible range, that can help in the improved performance of the 
CdTe absorber layer for solar cell. The introduction of a Cu dopant into a CdTe lattice caused a reorganization of the bonds and a shift in 
the local structure of CdTe, i.e. dominant hexagonal to single hexagonal phase as shown in Figs. 3 and 5. 

Direct optical band gap (Eg) of undoped and Cu doped CdTe thin films, i.e. inter band transition between conduction and valence 

Fig. 5. XRD patterns of Cu doped CdTe thin films prepared with varying dopant concentration of (a–e)2-10 wt%.  
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Fig. 6. Variation in (a) crystallite size & strain, (b) stacking fault probability and (c) texture coefficient for copper doped CdTe thin films.  

Fig. 7. Absorbance spectra of (a) undoped CdTe (i–v: S1–S5) and (b) Cu doped (i–v: 2-10 wt%) CdTe thin Films.  
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band, can be calculated using Tauc Eq. (7) [54].  

(αhν) = A (hν- Eg) 1/2                                                                                                                                                                 (7) 

Where A is constant; α is absorption coefficient; hν is photon energy; Eg is optical band gap. 
Fig. 8(a and b) illustrates the variation in direct energy band gap values of undoped and Cu doped CdTe thin films. Undoped CdTe 

thin films exhibited band gap values in the range of ~1.62–1.74 eV. Minimum value of 1.62 eV was observed for the samples S3. Cu 
doped samples were prepared with particular value of current density and by varying Cu content from 2 to 10 wt%. Direct band gap 
values in the range of ~1.46–2.04 eV were observed for Cu doped CdTe thin films. CdTe thin films prepared with Cu doping content of 
2-4 wt% exhibited higher value of band gap, i.e. ~2 eV. Decrease in the energy band gap values to 1.6 eV was observed with the 
increase in doping content to 6 wt%. Further, decrease in band gap values to 1.55–1.46 eV was observed with the increase in doping 
content to 8-10 wt%. 

Relatively higher band gap values for undoped CdTe thin films and thin films prepared with 2-4 wt% Cu doping was observed in the 
present study. Burstein–Moss (BM) effect can be used to explain bandgap widening, the valence band becomes significantly emptied 
because of higher carrier concentration and the highest energy states in the valence band are blocked [55], this phenomenon has been 
corelated with the variation in conductivity and carrier concentration values that will be discussed in the later section of electrical 
results. Many-body effect of free carriers on the conduction and valence bands, can be used to explain bandgap narrowing (BGN) and is 
known as bandgap renormalization [56]. A blue shift, can be observed because of of higher hole concentration, the “Burstein-Moss” 
shift, whereas a red shift is caused by the band gap renormalization. The band gap shifts depend on material, the type of doping and the 
carrier concentration [57]. 

Thin film and material characterization tool known as spectroscopic ellipsometry (SE) is based on the change in amplitude 
(recorded in the parameter ψ, psi) and phase (Δ, delta) of polarized light reflecting from a surface. This change in amplitude is what 
gives spectroscopic ellipsometry (SE) its name. Typically, the values of ψ and Δ are influenced by the wavelength of the incident light 
used for investigating a material, along with the optical characteristics, thicknesses, and surface roughness of the film. The experi-
mental data were obtained at an incidence angle of 70◦. In order to determine the thickness of the film, the Cauchy model was utilized. 
The software makes use of three optical layer models (the Cauchy layer of the substrate, the layer of film, and the surface roughness 
layer) in order to determine the film thickness. The experimental and fitted data of ψ and Δ versus wavelength for a thin layer of CdTe 
on an ITO coated glass substrate are depicted in Fig. 9(a–e) and 10 (a-e). 

Variable-Angle Spectroscopic Ellipsometer was used to evaluate the refractive index (n) and extinction coefficient (k). Cauchy 

Fig. 8. Absorption coefficient for (a) undoped (i-v:S1–S5) and (b) Cu doped CdTe thin films.  
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model was used for fitting the experimentally observed data. The variation in values of refractive index (n) and extinction coefficient 
(k) of undoped and Cu doped CdTe thin films are shown in Fig. 11(a–d). There are several parameters including porosity, defects as 
well as phase purity that may affect refractive index of thin films. High refractive index ~2.33 at 700 nm, for undoped thin films, is due 
to higher optical density [58,59]. Increase in refractive index was observed with the increase in doping content. 

The electronic polarizability and the local electrical field inside the materials are two of the most essential components that 

Fig. 9. Variation in ellipsometry data (Ψ and Δ) for undoped CdTe thin films (a–e: S1–S5, with variation in current density).  
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determine the refractive index (n) of the thin film [60]. The extinction coefficient (k) measures the amount of light that is absorbed 
through the material. The amount of light that is absorbed by a particular substance at a certain wavelength is proportional to either its 
mass density or its carrier concentration [58,61]. 

Optical dielectric constant, real (ε1) and imaginary (ε2), of undoped and Cu doped CdTe thin films were calculated using following 
Eqs. (8) and (9) [54]. 

ε1 = n2 − k2 (8) 

Fig. 10. Variation in ellipsometry data (Ψ and Δ) for Cu doped CdTe thin films (a–e: 2-10 wt% doping content).  
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ε2 = 2nk (9) 

ε1 is maximum energy that material can store and ε2 depicts absorption of electrical energy and is known as relative loss factor. 
Values of ε1 and ε2 decrease with wavelength and come to be constant at relatively higher wavelengths as shown in Fig. 12(a–d). 

3.3. Analysis of photoluminescence (PL) emission 

To analyze the deposited samples’ PL characteristics, an FS5 spectrofluorometer equipped with a xenon arc lamp was used. The use 
of photoluminescence as a method for verifying the presence of electronic transitions in semiconductor materials is an effective 
approach. Determining the precise energy levels of nanostructures or polycrystalline thin films is a fundamental process that pho-
toluminescence spectroscopy assists with. Fig. 13 presents an analysis of the PL spectra of thin films of undoped and Cu doped CdTe. 
Density of trap states are dependent on the synthesis and deposition parameters [62]. 

The PL spectra of undoped CdTe films exhibit a sharp and narrow emission peak at 598 nm for S3 sample using excitation 
wavelength of 395 nm, that is closely associated with the normal energy band gap of an undoped CdTe thin film. There is a decrease in 
emission wavelength on either side of the sample S3. These variations can be easily correlated with the traps and extra energy levels 
due to the lattice mismatch and structural defects, as shown in section 3.1. The CdTe sample of lower quality exhibits defect bands at 
757 nm and 778 nm that possesses the size-dependent energy level shift induced by the changing of quantum confinement effect 
[62–65]. This provides evidence that the deep center defect band can be utilized to monitor the surface quality of the substrate and is 
associated with native defects that are connected to growth and processing, such as interstitials and vacancies. Multiple transitions 
may be present, according to the shape of the wide 500 nm-800 nm region [63,64,66]. The shoulder peaks of samples S1 and S2 at 468 
nm and 479 nm occurs as a consequence of the recombination of excited electrons that become trapped at shallow levels, thereby 
producing bound electron–hole pairs [62,64]. 

Fig. 11. (a) Refractive index, (b) extinction coefficient, for undoped (i–v: S1–S5) and (c) refractive index, (d) extinction coefficient for Cu doped 
CdTe thin films (i–v: 2-10 wt%). 
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The 2 % copper doping in sample S3 exhibits a PL peak at a lower wavelength as compared to the undoped sample [Fig. 13 (b)] 
because of the extra holes/carriers generated due to the doping effect. This is equivalent to a larger band gap as given by Burstein-Moss 
effect [55,67]. Further addition of copper content (6–10 %) adds trapping levels in the band gap thus producing an effect that is 
equivalent to a reduction in the effective band gap values. It is possible that the emission peak that corresponds to 557 nm and 561 nm 
is caused by structural defects that are present in the films as a result of lattice mismatch [68]. On the other hand, this peak is attributed 
to the radiative carrier recombination process that occurs during the transition from one band to another [66,69]. The intensity of the 
PL peak is found to vary with the concentration of Cu in CdTe films. It is noticed that films with 6 wt% Cu concentration exhibited a 
higher peak intensity at 567 nm. This observation can be attributed to the improved crystalline quality and reduced presence of 
crystallographic defects [68,63,64,70], as previously mentioned in the XRD analysis. Additionally, films doped with 6 wt% Cu showed 
reduced lattice variations as indicated by a higher PL peak intensity. When it comes to PL spectra, the key parameters that are 
considered are the intensity, the line edge, and the full width at half maximum (FWHM). A higher intensity implies a low defect 
density, while a greater FWHM suggests a poor crystalline structure, and vice versa. In accordance to this, peaks with broader FWHM 
with low intensity at 578 nm and 585 nm depicted the defects/traps due to poor crystallinity. These results correlate well with the 
results shown in the optical analyses taken by the UV–Vis spectrophotometer as given in section 3.2. 

3.4. Electrical studies 

The Hall effect measurements were utilized to explore the type and concentration of charge carriers as well as the Hall mobility (H) 
for undoped CdTe and Cu doped CdTe thin films. The findings of this investigation are shown in Fig. 14. Increased value of mobility 
with decreased carrier concentration led to increased value of conductivity for the undoped thin films prepared with the variation in 

Fig. 12. Variation in (a) optical dielectric constant real, (b) optical dielectric constant imaginary for undoped (i–v: S1–S5) and in (c) optical 
dielectric constant real, (d) optical dielectric constant imaginary for Cu doped CdTe thin films (i–v:2-10 wt%). 
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current density as shown in Fig. 14(a and b). Increased values of carrier concentration and conductivity was observed for the Cu doped 
thin films [Fig. 14 (c-d)] as compared to the undoped films. The built-in-potential in the CdTe-absorber-layer region is increased by a 
large concentration of acceptor carriers [71]. Cu doping has produced significant effect on the mobility of the samples. This is a result 
of the decreased/increased scattering of the carrier from the surface, the elimination of defects in the films, and the increased crys-
talline structure that results from the decreased number of grain boundaries. Our research demonstrated that both undoped and Cu 
doped CdTe have room temperature resistivities in the range of 2–25 Ω-cm for undoped CdTe thin films, whereas 0.5 – 5.7 Ω-cm for Cu 
doped CdTe thin films. Niraula et al. [72] found analogous results for undoped CdTe films of 0.5 μm thickness produced by MOCVD in 
the 423–573 K temperature range. The same was true for thermally evaporated CdTe thin films at RT with thicknesses of 0.3–0.5 μm 
and 0.5 μm by Rusu et al. [73] and Nory [74], respectively. Though, the findings of earlier studies [75] indicated lower values than 
then reported. This disparity could be explained by the fact that the methods of preparation and the conditions under which the film 
was deposited are different. It has been reported previously that synthesis and preparation methods/parameters can affect the 
transport of charge carriers [76]. 

4. Conclusions 

Electrodeposition, being an application-oriented method, was used to prepare undoped and Cu-doped CdTe thin films on ITO 
coated glass substrates. pH of the electrolyte was varied as 3–7. Undoped CdTe thin films were prepared by keeping current density in 
the range of 0.12–0.3 mA/cm2. Copper doped CdTe thin films were prepared by varying doping concentration in the range of 2-10 wt% 
at particular current density. The XRD investigation showed the formation of dominant hexagonal CdTe phase for undoped thin films. 
Whereas, Cu doping in CdTe led to the formation of hexagonal CdTe lattice under all the doping conditions. Increased crystallite size 
and decreased strain values were observed for the thin films prepared with 6 wt% Cu doping. The optical direct energy band gap of 
undoped CdTe varied from 1.62 to 1.74 eV. Lower value of energy band gap (1.46 eV) was observed for the thin film prepared with Cu 
doping. These results were correlated with the carrier concentration, mobility and conductivity of undoped and doped samples. 
Photoluminescence (PL) spectroscopy exhibited several emission peaks within the visible spectrum, arising from electron-hole 
recombination both directly and indirectly. It is possible to draw the conclusion that an increase in conductivity coincides with an 
increase in the Cu incorporation level as compared to the undoped thin films, which in turn can be beneficial for its potential use an 
absorber layer in solar cells. 
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