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ABSTRACT 

  
Nano-crystalline CdTe films were coated on a glass substrate by vacuum evaporation 
(PVD) technique, with the annealed temperature at (25, 100, 150, and 200 °C). The 
samples were examined by Uv‒visible instrument to investigate the transmittance and 
absorption. The dependency of the absorption coefficient (α) on the wavelength has been 
investigated. The X-ray diffraction revealed that cubic crystalline was obtained and the 
peak intensity increased as the temperature increased. The crystallite size increased 
during grans growth when annealed temperature increased. The estimated energy gaps of 
the CdTe films were 1.86, 1.87, 1.85, and 1.84 eV, due to the differences in particle sizes. 
Electrical characteristics have been made to detect the resistivity and conductivity and it 
was found that the resistivity changes directly with the increase of the energy gap and 
inversely with the increase in the conductivity of the CdTe films. The surface morphology 
was homogenous and very smooth surfaces were detected. 
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1. INTRODUCTION 
 
Cadmium telluride (CdTe) is an essential compound for its uses in energy applications [1] 
and as a photocathode for water splitting [2]. CdTe films have good electrical characteristics 
that are favorable for the functioning of solar energy. Cadmium telluride (CdTe) has become 
the most successful competitor to silicon solar cell material due to its good performance and 
low-cost solar energy applications. In addition, it is chemically strong and stable, and further 
nano-layers of this material can be fabricated with various deposition methods over 
relatively large areas [3]. CdTe has a high absorption of optical radiation and an energy gap 
of 1.45 eV [4–6]. Improving the efficiency of the solar cell is the most important point for the 
researchers; the improvement 5 years ago was found by a reform of the CdTe cells with n-
layer high transparency. These modifications made the efficiency 21.5% [7] and then 
enhanced it to 22.1% [8]. It can be synthesized by physical or chemical methods as a thin 
film. Several deposition methods could be used to prepare CdTe films, including laser 
ablation [9], electro-deposition, sputtering, spray pyrolysis, and thermal evaporation [10]. 
Among these techniques, thermal evaporation is a favorable method due to its high 
deposition rate, low material consumption, and low operating cost. CdTe powder evaporates 
from heated crucibles at a vacuum of 10-5 mbar on glass or any metal substrate.  
 
Multi-layer is prepared by different techniques, categorized into high- or low-temperature 
procedures, and has a thickness of 2–6 m [11, 12]. CdTe coatings could be polycrystalline or 
single-crystalline, which can contribute to the modification of their properties [13].  
__________________________________________ 
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It is notable that the performance of a CdTe solar cell is very powerfully affected and can be 
dominated by both junctions (emitter or collector) [14]. 
 
This article discusses the investigation of the prepared CdTe nanocrystals by thermal 
evaporation, and studies of optical, morphological, and crystal structural properties were 
done by several characterization techniques. 
 
 
2. EXPERIMENT 
 
The fabricated CdTe films were coated on the glass and silicon slides by the PVD method. 
The substrate was cleaned with Deionized (DI) water and soap for 5 minutes. It was then 
washed with acetone for 15 minutes, followed by DI water. Then, adapting the voltage to 
evacuate the chamber with rotary and diffusion pumps about 1.5 hours before the 
deposition process, the powder was placed on a heated boat made of molybdenum material. 
The vacuum pressure was 1.5×10–4 mbar. The voltage applied on the crucible boat was 80 V, 
to evaporate CdTe powder into the substrate. The prepared films were annealed at (25, 100, 
150, and 200 oC). 

 
 

3. RESULTS AND DISCUSSION 
 
3.1 Structural test 
 
The CdTe films were tested by X-ray diffraction as shown in Figure 1. The obtained peaks 
belong to the cubic (JCPDS files 96-900-8841) space group F-43m. The pattern angles were 
23.75, 39.28, 46.44, and 62.41, which correspond to 111, 202, 311, and 313, respectively. By 
these peaks, crystal structure is confirmed and increased with rising temperature. The plane 
(111) indicates the strong peak compared with others, This indicates that crystal formation 
is possible on this plane. The intensity of the peaks increased as the temperature 
increased [15]. 
 

 
Figure 1. XRD peaks of CdTe thin films 

 
[D = ((0.9𝜆)/(𝛽𝑐𝑜𝑠𝜃)) [16, 17,18], where is the x-ray wavelength (1.54) and is Bragg's angle, 
was used to calculate the particle size of CdTe thin films. The lattice constants (a, b, and c) 
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are important in structural characteristics, and in this work, we obtained cubic structure 
where (𝑎 = 𝑏 = 𝑐) and estimated by [19],  
 

𝑎 = 𝑑√(ℎ2 + 𝑙2 + 𝑘2)                                                                                                                                  (1)  
 
where h, k, and l are Miller indices, and (d) the distance was estimated by Eq. (2) [20, 21]]; 
 

𝑑 =  
𝑚𝜆

2𝑠𝑖𝑛𝜃
                                                                                                                                                          (2) 

 
where m is one, λ in Å, θ is already known. All achieved data are tabularized in Table 1. 
Williamson-Smallman's relation was used to calculate dislocation densities (𝛿). [22, 23]: 
 

𝛿 =  
1

𝐷2                                                                                                                                                               (3) 

 
The specific surface area (SSA) of CdTe coated glass valued by (4): 
 

𝑆𝑆𝐴 =  
6000

𝐷𝜌
                                                                                                                                                       (4) 

 
where D the crystallite size and (ρ) is the density of CdTe (5.85 g/cm3). 
 
Due to thermal expansion and a faster rate of growth, higher temperatures have led to larger 
crystallites, larger crystals, and larger cell volumes as demonstrated in Figure 2(a) similar 
result confirmed by Mahmood and et.al. [24]. 
 

 
Figure 2. Relation between lattice parameter, cell volume, and crystallite size as a function of 

annealed temperature 
 

Table 1. Values of a, b, c, V, D, 𝛿, SSA, and packing density 
 

Specimen 
Temp. °C 

a=b=c 
(Å) 

Cell 
Volume 

(Å3) 

Crystallite 
size (Å) 

Scherrer 
Eq. 

Dislocation 
density 

(Lines/m2) 
*1016 

SSA 
(m2/g) 

packing 
density 

Angles 
(α, β, γ) 

in 
degree 

25 6.487 273.00 33.01 9.17 310.7 0.911 90 
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100 6.506 275.48 30.79 10.54 333.1 1.144 90 
150 6.511 276.10 37.51 7.10 273.4 1.043 90 
200 6.501 274.79 39.78 6.31 257.8 0.872 90 

3.2  Electrical test 
 
The current-voltage (I-V) of synthesized CdTe films versus specimen temperature (25–200 
°C) were estimated by the Hall Effect test, which showed p-type conductivity for all coated 
glass. The conductivity (𝜎𝑐) was calculated using the formula, 
 

 𝜎𝑐 =  
𝐿

𝑅×𝑤×𝑡ℎ
                                                                                                                                                   (5) 

 
where L is the length of the film, R is the thin film resistance, W is the width, and th is the film 
thickness. The resistivity (𝜌) was calculated by the conductivity equal, 
 

𝜌 =  
1

𝜎𝑐
                                                                                                                                                                (6) 

 
The difference in resistivity, mobility, and conductivity of CdTe films was plotted in Figure 3. 
It can be noticed that the resistivity increases and then decreases and has an inverse 
relationship with mobility and conductivity. The films show a low resistivity with increasing 
temperatures because the electron carriers move more fluidly with increasing crystallite 
size. [25]. With increasing temperature, conductivity and mobility increase.  
 

 
Figure 3. The relation between 𝜌 , 𝜎𝑐and mobility as a function of temperature degree 

 
3.3  Optical properties 
 
The transmitted radiations are responsible for electronic transitions by excited sub-shells. 
The transmittance curves of CdTe thin films were presented in Figure 4. All samples have 
high transmittance in the near-infrared (> 800 nm). The absorption coefficient, Figure 5, was 
estimated by the relation, [18, 26, 27], 
 

𝛼 =  2.303
𝐴

𝑡
                                                                                                                                                     (7) 

 
where (t) is the thickness of the film, (A) is the absorption, 
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The thicknesses were estimated by the "envelope curve" for Tmax (TM), the maximum 
transmittance and Tmin (Tm), the minimum transmittance in the transmission, spectra [28]. 
The refractive index can be expressed as follows:  

𝑛 =  √𝑁 +  √𝑁2 − 𝑛𝑠
2                                                                                                                                   (8) 

 

𝑁 =  2𝑛𝑠
𝑇𝑀−𝑇𝑚

𝑇𝑀𝑇𝑚
+

𝑛𝑠
2+1

2
                                                                                                                                  (9) 

 
where the refractive index of the substrate (ns) is (in our case, ns = 1.5 for glass). 
 
The equation was used to calculate the thicknesses of the films: 
 

𝑡 =  
λ1 λ2

2 (λ1 n2− λ2 n1)  
                                                                                                                                       (10) 

 
where, n1 and n2,the refractive indices corresponding to wavelengths λ1 and λ2, respectively 
[28]. 

 
Figure 4. Transmittance curves of CdTe films and transmitted fringes inset  

 
By using the relation between the absorption coefficient and the photon energy (E=hυ), we 
found the energy gap (Eg), [29], 
 
𝛼ℎ𝑣 = 𝐺(ℎ𝑣 − 𝐸𝑔)ℎ                                                                                                                    (11) 

[30][31] 
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Figure 5. Absorption coefficient plot of CdTe films 

 
Where G is constant, h equals 1/2 or 2 for direct and indirect transitions allowed. These 
variances in the energy gaps of CdTe originate from the structural differences of the CdTe 
films during the growth processes. Figure 6 displays Tauc’s plots of CdTe thin films. These 
curves are schemed by (αhυ)2 and (hυ) on the y- and x-axes, respectively. The bandgaps 
were determined by drawing a line on the x-axis with zero absorption coefficients (α). 
 

 
Figure 6. Tauc’s plots of CdTe films. 

 
The Eg of CdTe coated glass changed with different temperatures. Eg values obtained were 
1.86, 1.87, 1.85, and 1.84 eV The data was tabulating in Table 2. The alteration in the 
obtained Eg might be due to the size influence of the nanoparticles, and specific surface area, 
as shown in Figure 7. 
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Figure 7. relation of Eg, D, and SSA 

 
Table 2. Values of resistivity, mobility, conductivity, and energy gap 

 
Temperature 
degree (oC) 

Resistivity 
(Ω.Cm) 

Mobility 
Cm2/Vs 

Conductivity 
((Ω.Cm)-1 

Energy gap 
(nm) 

25 1.42E+5 8.24E+1 7.04E-6 1.86 
100 2.11E+5 2.35E+2 4.72E-6 1.87 
150 1.31E+5 4.05E+2 7.63E-6 1.85 
200 5.13E+3 3.66E+3 1.96E-4 1.84 

 
The extinction coefficient (k) was determined using [35]: 
 

𝑘 =  
𝛼𝜆

4𝜋
                                                                                                                                                             (12) 

 
Another significant characteristic of any film is the refractive index (n), estimated by the 
relation (13), [32]: 
 

𝑛 =  
1+𝑅

1−𝑅
+ [

4𝑅

(1−𝑅)2 − 𝑘2]
1/2

                                                                                                                       (13) 
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Figure 8. Refractive index plot of CdTe films 

 
The refractive index curves of CdTe films at different temperature treatments 
drowned with the wavelength, as revealed in Figgure 8. The refractive index (n) was 
found to be slightly lower within the range (800-1350 nm). It observed that the 
index of refractive (n) decreased slightly within the range (800‒1350 nm). The 
refractive index is related to the electronic polarization of the materials.  The 

available literature on the refractive index-energy gap [33]. 
 
The dielectric constants 𝜀1𝑎𝑛𝑑 𝜀2  (real and imaginary) are important properties for 

determining capacitive, resistive, and other defects in the film [34]. See Figure 9, Figure 10 
and estimated by, 
 
𝜀1 = 𝑛2 − 𝑘2                                                                                                                                                 (14) 
 
𝜀2 = 2𝑛𝑘                                                                                                                                                         (15) 
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Figure 9. Relation between Ɛ1 and λ 

 
The steady value of the dielectric constant value was discovered to be steady at high values 

> 1200 nm for all samples.

 
Figure 10. Relation between Ɛ2 and λ 

 

The density (𝑃) is related to the (n) and is valued by the relationship (16) [19]: 
 

𝑃 =  
𝜌𝑓

𝜌𝑏
=  (

𝑛𝑓
2−1

𝑛𝑓
2+1

) (
𝑛𝑏

2+1

𝑛𝑏
2−1

)                                                                                                                           (16) 

 
Where nf is the refractive index of coated film and nb is the refractive index of CdTe bulk..  
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3.5  Topology characteristics 

 
The surface topology images exposed the CdTe films at different temperatures. Figure 12 
exhibited a very smooth surface due to the very small nanoparticle size on the surface of the 
film. It shows a little combined, tiny grain formation. Besides, the deposited surfaces have no 
cracks with all the films observed. Furthermore, the roughness of the film surfaces increased 
slightly in some areas, as shown in Figure 12(c, d) versus (a, b). 
 

 
Figure 12. SEM images of CdTe films on glass substrates, (a‒ room temperature (25 oC, b‒ 100 °C, c‒ 

150 °C, and d‒ 200 °C) 
 
 

4. CONCLUSION 
 
CdTe nanoparticles have been manufactured by the PVD technique. The results presented 
indicate that the CdTe films have a cubic nanostructure. The XRD peaks displayed the 
crystallite size increasing as the annealing temperature rose between 150 and 200 °C. Then 
the cell volume increased. The UV-visible spectra exhibit good transmittance, particularly in 
the mid-IR range, with fringe due to increased light absorption. The refractive index 
decreased as the wavelength increased. The band gap variation is coincident with particle 
size, specific surface area, and conductivity variations, and the relationship among them has 
been well described. The surface topology presented a very smooth particle. It can be 
concluded that the synthesized CdTe nanoparticles are suitable for energy applications.  
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